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Abstract 
Metal-ion batteries are widely investigated as they have a wide range of applications 
ranging from portable electronics to electric cars. Among them, Li-ion batteries are more 
traditional and are widely commercially available. Na-ion batteries, a new type of battery, 
belong to the same type of metal-ion batteries (operating on the “rocking chair” principle) 
and are considered as a replacement for Li-ion batteries in some applications such as storing 
energy harvested from renewable sources and electricity grid storage. The two major 
components in a battery cell are cathode and anode. Anode materials, based on the materials 
that alloy reversibly with lithium and sodium, have high gravimetric and volumetric 
capacities compared to more conventional anodes. This may lead to a reduction in the size 
and weight of next generation batteries. The major problem associated with the alloy-based 
anodes is the huge volume expansion and contraction during operation that forces the 
electrodes to disintegrate and detach from their current collectors, resulting in the poor 
cycling performance of electrodes. The issue can be solved by reducing the particle size of 
the material and dispersing particles in a carbon matrix, i.e. through preparing nanostructured 
composites. In this thesis, Sb/C and P/C alloy-based composite anode materials are studied as 
model electrodes for both Li-ion and Na-ion batteries. In addition, a possible cathode, 
Na7Fe7(PO4)6F3, is evaluated with the aim of pairing it with either phosphorus or antimony-
based electrode in full cell Na-ion devices in the future. An Sb/C composite (with the weight 
ratio of Sb to carbon of 7:3) is synthesised using a reconfigurable magneto-ball mill. Four 
different ball milling modes are used, including two milling modes with an external magnet 
and another two without the presence of a magnetic field. The ball milling mode created by 
the use of an external magnet causes a strong ball impact on the powder which transforms 
microcrystalline Sb to nanoparticles and disperses them homogenously in the carbon matrix. 
The composite containing Sb nanoparticles of 5-15 nm in size distributed in carbon matrix is 
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found to display excellent cycling stability and retains 95% of its theoretical capacity at the 
end of 250 cycles in Li-ion half-cells.  
 Further, the composites of Sb and C with different weight ratios of components are 
synthesised using the same ball milling mode (that generates a strong ball impact) to 
determine the influence of the component ratio on the capacity and cycling stability of 
electrodes in Li and Na-ion batteries. The size of the Sb particles in the composites is reduced 
significantly with the decrease in the Sb content in the mixture. Sb with a particle size as 
small as ~ 1nm is obtained when the weight ratio of Sb to carbon is reduced to 1:1 ratio. The 
alloying mechanism of Na with Sb changes depending on the structure and size of Sb 
particles in the nanocomposite. Sb nanoparticles alloy with Na through a series of 
intermediate crystalline compounds before forming the Na3Sb phase. 
 Composites of black phosphorus and carbon are also prepared using ball milling. 
Depending on the type of the ball mill used, the structure of the phosphorus component can 
be crystalline or nearly amorphous. The cyclic performance of the composite is poor when 
the lithium or sodium half-cells are cycled between 0.0-2.0V vs Li/Li+ or Na/Na+. The cyclic 
performance is stable, without any capacity drop, within the restricted potential windows of 
(2.0-0.33 V) in lithium and (2.0-0.33 V) in sodium cells. The evaluation of the reaction 
mechanism of phosphorus-based electrodes shows that phosphorus alloys with Li completely 
to form Li3P, whereas the transformation to the Na3P phase is incomplete in the case of Na-
ion cells. 
 It is important to produce a suitable cathode in order to pair it with the new alloying 
anodes (e.g. antimony and phosphorus-based) in the full-cell batteries. The cathode materials 
are well established in Li-ion batteries and hence it is not a major concern. In Na-ion 
batteries, in contrast, the suitable cathode materials need to be identified and developed. 
Hence, Na7Fe7(PO4)6F3, a cathode material, is synthesised using a combination of ball 
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milling, hydrothermal and solid state synthesis techniques. A thin layer of amorphous carbon 
(~1.5 nm) is coated around Na7Fe7(PO4)6F3 particles. The composite material displays a 
stable capacity of 60 mAh g-1, twice higher than the pristine material, even at the end of 60 
cycles. The sodiation and de-sodiation occur around 3.0 V and the intercalation/de-
intercalation mechanism is proposed. 
Three peer-reviewed journal articles based on the outcomes of this thesis have been 
published, and one more manuscript is under preparation.
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Chapter 1 Introduction and literature review 
1.1 General background 
 The huge growth of the population in the last 50 years (from 3.19 billion in 1963 to 
7.12 billion in 2013 [1]) leads to a significant increase in demand for energy and its 
consumption in the form of electricity and fuel. According to the International Energy 
Agency, 6115 TWh (Terra watt) of electricity was produced in 1973, whereas 22,126 TWh 
was generated in 2011.The majority of electricity (68%) is generated from non-renewable 
resources such as coal, oil and natural gas. The production from coal alone contributed 41.3% 
in 2011 [2]. Only a limited amount of electricity (20.3% or 4492 TWh) was generated from 
renewable energy sources during the same period [2]. 
 There are finite reserves of coal, oil and gas in the Earth’s crust. For example, coal is 
estimated to last for another 112 years at the present rate of usage [3]. Fossil fuels emit 
greenhouse gases, CO2, NO2 and SO2, when they are burnt to produce energy. These gases 
are responsible for the present climatic change manifesting itself as a rise in temperature 
around the world. Due to the limited availability of non-renewable resources and emission of 
greenhouse gases during energy production, many countries are now focusing their efforts on 
developing renewable energy technologies. According to the Australian Energy Resource 
Assessment [4], 21.69 TWh of electricity was generated in Australia from renewable 
resources such as hydro, wind and solar in 2011. This is almost 41% higher than the 
electricity generated from renewable sources in 2007. It is important to note that solar 
radiation, tidal and wind resources are not available continuously throughout the year and, 
accordingly, the energy produced needs to be stored in batteries and used when required. 
 According to the International Energy Agency (IEA), transportation is the second 
highest contributor to the emission of CO2, producing 22% (7000 Mt) of the total global CO2 
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emission in 2011 [5]. In order to reduce the amount of CO2 emission, the vehicle 
manufacturing industry is shifting its focus towards electric vehicles. There are three types of 
electric vehicles: hybrid electric, plug-in hybrid and fully electric vehicles. 
 Popular electronic gadgets (such as mobile phones, laptops and tablets) are important 
to the present generation for both work and entertainment. Contemporary mobile phones have 
many features such as video calling, internet access, movies and multimedia games. All of 
these features consume a significant amount of power from batteries. In order to use these 
features effectively, a battery with high energy density is required. In 2010, according to 
Samsung Advanced Institute of Technology, the estimated power consumption  of a battery 
in a mobile phone for different applications such as browsing, surfing and watching videos 
should be around 10Wh .The maximum power provided by a battery at that time was around 
5Wh. As a result of the high power utilisation of mobile applications, batteries had to be 
charged every day [6]. This implies that battery technology needs to be improved further for 
the betterment of electronic applications. 
 High capacity batteries are essential to ensure that mobile phones and electric vehicles 
can be used for a long time before needing to be recharged. Electrode materials are a key 
ingredient in batteries, and it is critically important to find and optimise suitable anode and 
cathode materials for modern technologies such as Li-ion and Na-ion batteries. The battery 
charge is stored in the electrodes, hence there is a need to develop electrodes that can store 
larger amounts of charge (high discharge and charge capacities), have a good rate capability 
(fast charging and discharging), and are able to last for a large number of cycles. 
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1.2 Thesis objectives 
 There are several varieties of well-established secondary batteries such as Ni-Cd 
(nickel-cadmium), Ni-MH (nickel-metal hydride), Li-ion and lead-acid batteries. Table 1.1 
shows that metal-ion batteries, especially Li-ion batteries, have high energy and power 
densities, very low self-discharge rates, wide operating temperatures and a high operating 
voltage when compared to other batteries. The size and weight of a battery depends on its 
specific energy. The higher the specific energy, the smaller the size and weight of a battery 
will need to be to perform a particular function. Lithium-ion batteries are considered to be the 
most promising, in this respect among well-established electrochemical devices, for storing 
energy. 
Table 1.1 Parameters of rechargeable batteries (compiled data from [7-14]) 
Battery Energy 
density 
(Wh/kg) 
Power 
density 
(W/Kg) 
Operating 
temperature 
(◦C) 
Operating 
voltage 
(V) 
Self 
discharge 
(%) 
Memory 
effect 
Lead- Acid 25-30 80-300 -20 to +50  2 4-6  No  
Ni-Cd 50-60 200-500 -20 to +50  1.2 15-20 Yes  
Ni-MH 60-70 200-1500 -20 to +60  1.2 20 No  
Li-ion 60-150 80-2000 -40 to +60  4.0 5-10 No  
 
 Metal-ion batteries (the Li-ion technology mentioned previously and the emerging 
Na-ion technology) are gaining in importance due to their promising characteristics and a 
wide range of applications. The commercially established Li-ion batteries consist of graphite 
anodes and either LiFePO4 or LiCoO2 cathodes. Graphite is used as an anode in commercial 
Li-ion batteries due to its low cost, flat charge-discharge profile, low operating potential and 
long cycle life. Na-ion batteries are now widely investigated as cheaper alternatives to Li-ion 
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batteries with a similar working principle. Graphite shows poor electrochemical performance 
in Na-ion batteries while its major drawback in Li-ion batteries is a low gravimetric capacity 
(372 mAh g-1) and volumetric capacity (837 mAh cm-3) [7, 8]. Hence, there is a need to find a 
class of high-capacity materials that can be commonly used as anodes in both Li-ion and Na-
ion batteries. There are certain elements of groups IV and V that undergo alloying with both 
metal-ions (sodium and lithium). These materials are of great interest as they possess huge 
gravimetric and volumetric capacities. These alloying materials have, however, a major 
problem associated with volume expansion and contraction that leads to a dramatic drop in 
capacity within a few cycles. This issue needs to be addressed for these materials to be used 
in the anodes of commercial Li-ion and Na-ion batteries. 
 A possible strategy to improve the stability of alloying materials is to reduce the size 
of the particles as small particles can tolerate the stress generated during the large volume 
changes. Apart from this, preliminary results suggest that dispersing nanoparticles in carbon 
to form a composite can further increase the cycling stability.  However, there is no specific 
analysis at present of the influence of the particle size of the alloying component in carbon on 
the electrochemical performance of composites in Li-ion and Na-ion batteries. Ball milling is 
seen as a feasible method to produce composites of alloying materials and carbon; it is, 
however, not clear how the specific patterns of the movement of balls inside the milling jars 
influence the size of the particles and parameters of the composites. Furthermore, there are no 
indications for the optimum ratio of the alloying component and carbon to achieve the best 
electrochemical performance of the electrodes in the batteries. Additionally, a deeper 
understanding of the mechanism of the alloying process with metal-ions is required.  It is not 
clear at present if this mechanism is dependent on the size of the particles in the composites. 
 Na-ion batteries are yet to be commercialised and researchers are trying to find 
suitable cathode materials. In this respect, it is important to understand the charge storage 
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process in the new candidate materials and the influence of the operating mechanism on the 
changes in the structure of the materials during cycling. For example, if a material undergoes 
huge structural changes, it creates a lot of stress, influencing the cycling stability of the 
electrode. In intercalation materials, the mobile guest species, i.e. Li or Na-ions, are 
reversibly intercalated into the empty sites of a host crystal structure without affecting the 
structural integrity of the host material. Hence, intercalation materials usually have low 
structural change during charging and discharging. At present, phosphate and oxide materials 
are studied extensively in Na-ion batteries as cathode materials, while fluorophosphate 
materials, types of intercalation compounds, have not been studied and characterised to a 
great extent as yet. Additionally, there are not many papers that explain the influence of the 
carbon coatings of the materials in electrodes of Na-ion batteries. 
This thesis is mainly focused on antimony and phosphorus-based composites with 
carbon as anodes for Li and Na-ion batteries. In addition, a sodium fluorophosphate material 
is investigated as a cathode material for Na-ion batteries with the future aim to pair it in a full 
cell device with an anode based on an alloying-de-alloying mechanism. The detailed 
objectives of this thesis are: 
 Understanding the influence of various ball milling modes on the parameters of the 
antimony-carbon composites (the size of the antimony particles and the structure of 
the carbon component) and evaluating the electrochemical performance of these 
composites in Li-ion batteries. 
 Identifying the optimum weight ratio of antimony to carbon in the composite to 
achieve optimised electrochemical performance in Li-ion and Na-ion batteries. 
 Probing the mechanism of the alloying process for different antimony-carbon 
composites.  
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 Evaluating the performance of composites of carbon with amorphous and 
nanocrystalline black phosphorus in anodes for Li-ion and Na-ion batteries.  
 Studying the influence of the operating potential window on the cycling stability of 
phosphorus-carbon composites and evaluating the failure and charge storage 
mechanisms in these composites. 
 Synthesis of sodium iron fluorophosphate, the characterisation of its structure, 
electrochemical performance and charge storage process. 
1.3 History of metal-ion batteries 
Lithium batteries were first studied in the early 1970s as primary (not rechargeable) 
batteries [9]. A primary battery consisted of a soluble cathode made of thionyl chloride 
(SOCl2), Li metal as an anode and lithium tetrachloroaluminate (LiAlCl4) as an electrolyte 
[10]. The major problem with this battery was the release of sulphur-dioxide gas which led to 
increased pressure inside the battery [11]. The real concept of Li-ion batteries was developed 
in 1972 at Exxon Laboratories by M. Stanley Whittingham. Layered titanium disulphide 
(TiS2) and lithium were used as the cathode and anode materials with LiPF6 dissolved in 
propylene carbonate as an electrolyte [12, 13]. TiS2 was used due to its electrically 
conductive, low weight and layered structure [9, 14, 15]. Furthermore, safety, the low 
operating potential, and the high production cost of sulphide materials limit its 
commercialisation. Therefore, researchers were encouraged to move towards the layered 
oxide materials. Molybdenum oxide (MoO3) and vanadium pentoxide (V2O5) were the 
earliest layered cathode materials that were studied. Dampier demonstrated that MoO3 can 
uptake 1.5 mol of Li ions [16], but this material is of low interest because of its low rate 
capability [17, 18]. V2O5 is a layered structure material with a weak bond between vanadium 
and oxygen, and the insertion of lithium into a V2O5 structure occurs in a multiphase 
transition [18-21]. Further, insertion of Lix into V2O5 (X >1) creates an unfavourable 
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structure due to breakage of the V-O bond to accommodate Li-ions, resulting in rapid 
capacity loss during cycling [18, 22, 23]. In 1980, Goodenough and his co-workers identified 
a group of materials, LiMO (where M=Ni, Co and Mn), with a structure similar to those of 
dichalcogenides. LiCoO2 materials showed that lithium can be electrochemically inserted and 
de-inserted from the layered materials during cycling making it a suitable cathode material 
[18, 24-26]. 
In the anode section, lithium metal cannot be used as anode in commercial batteries 
due to the formation of dendrites on the surface of the lithium metal (an anode) in an organic 
solvent electrolyte during repeated cycling which led to safety issues. During charging, Li 
does not deposits uniformly on the surface of the Li metal but instead it deposit randomly in 
the form of whiskers which are referred to as dendrites. These dendrites grow during each 
cycle, which result in short circuit, overheating and eventually causes fire in the Li-ion 
batteries. However, this problem was countered by Rao et al. [27], where lithium aluminum 
(Li-Al) alloy was used as anode instead of pure Li metal but the battery lost its recyclability 
within 12 cycles due to the volume change with repeated cycling. To overcome the safety and 
the volume change problems associated with the use of Li metal and Li-Al alloy materials as 
anode, intercalation compounds were studied as anode materials. The replacement of lithium 
as anode with intercalation material in the full cell was also reported in 1978 and 1980. The 
full cell was assembled by coupling ruthenium oxide (RuO2) used as cathode and lithium 
tungsten oxide (LiWO2) used as anode [28]; TiS2 was used as cathode and lithium tungsten 
oxide (LiWO2) was used as anode [29]. Rao et al. demonstrated that Li-ions migrate between 
anode and cathode during charging and discharging and thus the rocking-chair concept was 
introduced in Li-ion batteries [29, 30]. However, this cell was not commercialised due to the 
higher operating potential (0.3-1.4 V) than that of graphite (the operating potential for 
commercial graphite was around 0.1 V against Li metal). This limits the energy density and 
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open circuit potential of the battery. This led to the introduction of graphite as anode in the 
full cell as the intercalation of lithium in graphite occurs at lower potentials.  
The intercalation or insertion of lithium into graphite using inorganic electrolyte was 
reported by Besenhard in 1976 [31]. In 1983, Yazami et al. [32] reported reversible 
intercalation and de-intercalation of lithium in graphite using solid electrolyte, and further 
stated that six carbon atoms can uptake one Li atom at the end of the discharge. Later, Sony 
Corporation introduced disordered carbon as the most successful insertion anode. This led to 
the commercialisation of Li-ion batteries by Sony Corporation in 1991 with LiCoO2 as 
cathode and carbon as anode [33]. Since commercialisation, Li-ion batteries have become the 
most suitable power source for portable electronics including mobile phones, camcorders and 
laptops.  
 With the increase in the demand for Li-ion batteries and limited availability of Li 
precursors, the price of raw materials containing Li is expected to increase. The precursors of 
Li are geographically constrained and 49% of world’s lithium reserves are in South American 
countries (Bolivia, Chile and Argentina). The rest of the lithium reserves are spread across 
The United States of America (26%), China (14%), Australia, Russia and Zimbabwe [34]. 
The current global Li reserves are estimated to be around 37.1 to 43.6 million tonnes [35]. 
Nearly 7.9 million tonnes of Li will be required if only half of the petrol-based vehicles 
driven at present are converted to hybrid electric vehicles [36]. According to Wanger, global 
Li reserves will be depleted by 2031 if we assume that 20 kg of Li is required per electric 
vehicle and 60 million vehicles are produced per year - this amounts to 1.2 billion vehicles 
within 21 years [37]. Hence, there is a need to find an alternative for Li-ion batteries. 
Sodium (Na) metal has been used in electrochemical energy storage since the early 
1960s. In particular, sodium has been used in Na/S and Na/NiCl2 batteries. These batteries 
(Na/S, Na/NaCl2) are operated at high temperatures (300 ˚C) inorder to maintain the electrode 
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material in the molten state and ensure that the conductivity of the β-alumina used as a 
conducting membrane is high enough [38]. The materials’ durability and safety 
considerations associated with the high temperature operation of the battery make these 
batteries expensive ($500-$600 per KWh) [39]. Early research based on Na-ion room 
temperature batteries dates back to the late 1970s and early 1980s. In 1978, Nagelberg and 
Worrell reported that TiS2 and TaS2 could electrochemically intercalate Na at room 
temperature. 1M Sodium iodide (NaI) or 0.86 M of NaClO4 was mixed with propylene 
carbonate (PC) and used as an electrolyte. TiS2 and TaS2 can uptake 1 mole of Na. The 
insertion of Na into TiS2 occurs through a two phase mechanism as the intercalation curve 
displays two plateaux. The amount of sodium uptake in the first plateau NaxTiS2 is 0.2 ≤ x  ≤ 
0.35, and in the second plateau is 0.6 ≤ x  ≤ 0.7 [40]. Later, Jow et al. found that Na can 
reversibly alloy with Pb, and each Pb atom can alloy with 3.75 atoms of Na [41]. Further, Ma 
et al. tested the P2 phase of NaxCoO2 as a cathode agaisnt Na in a polymer electrolyte and 
showed a reversible electrochemical performance. In addition, they replaced Na with Pb and 
tested the P2 phase of NaxCoO2 in a full cell. 0.4 moles of Na can be sodiated back into  
NaxCoO2 during discharging in a full cell which was less than 50% of the initial starting 
material at the end of the first cycle [42]. During the same period, Li-ion batteries were 
gaining significant attention and, hence, the research on sodium-ion batteries was shelved. 
The first patent on sodium-ion batteries was filed by Baker et al. in 2002, describing a full 
cell with NaVPO4F as a cathode and hard carbon as an anode [43]. Na-ion batteries started to 
emerge again in 2010 and a large number of researchers are now focussed on Na-ion batteries 
as a replacement for Li-ion batteries in a few applications such as grid storage due to the 
abundance of Na in the earth’s crust.  
A drawback of Na-ion batteries compared to Li-ion batteries is lower energy and 
power densities [44]. According to Ponrouch et al., more than 250 scientific papers on Na-ion 
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batteries were published in 2013 [45]. The major differences between Li and Na-ion batteries 
are listed in the table 1.2. 
Table 1.2 Differences between Li and Na [36, 44] 
 Li Na 
Voltage against standard 
hydrogen electrode 
-3.0 V -2.7 V 
Ionic Radius 0.76 Å 1.06Å 
Atomic mass 6.9 g mol-1 23 g mol-1 
Capacity of pure metal 3829 mAh g-1 1165 mAh g-1 
Price of the precursor 
materials 
$5000/ton $150/ton 
Melting point 97.7˚C 180.5˚C 
 
1.4 Working principle of metal-ion (Li-ion and Na-ion) batteries 
To demonstrate the reaction mechanism of a metal-ion battery, a schematic diagram 
for the charge-discharge process is presented. The working principle of Na-ion batteries is 
similar to that of Li-ion batteries. Figure 1.1 clearly explains that during the charge process, 
metal ions (i.e. Li and Na-ions) de-intercalate from the cathode, move through the electrolyte 
and insert into the anode during the charge, and an equal number of electrons flow into the 
external circuit. The reverse process occurs during discharge, i.e. the intercalated metal-ions 
de-intercalate from the anode and intercalate into the cathode with the same number of 
electrons flowing in the external circuit. As a result, metal ions shuttle back and forth 
between the cathode and the anode during the charge and discharge processes [46]. The  
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Figure 1.1 Operating principle of metal-ion battery 
 
phenomenon that occurs at the electrode during the charge and discharge process resembles a 
concept similar to a “rocking chair”. The Li containing salt electrolytes, such as LiPF6 and 
LiClO4, are replaced with NaPF6 and NaClO4 for Na-ion batteries. The reactions involved 
during the charge and discharge process are described below. 
The cathode reaction is as follows: 
                Charge 
MTMO2            ↔         M1-xTMO2 + xM+ + xe-    (M= Li or Na and TM= Transition metal) 
              Discharge 
The anode reaction is: 
                          Charge 
A + xM+ + xe-             ↔         MxA  (A= Alloy anode) 
                         Discharge 
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The overall reaction is: 
                         Charge 
MTMO2 +  A          ↔        AMx + M1-xMO2  
                       Discharge 
 
1.5 Anode materials for metal-ion batteries 
 Anodes are the key components in both Li-ion and Na-ion batteries. The identification 
of carbon materials as suitable anodes in the early 1990s led to the tremendous growth in the 
production of commercial Li-ion batteries. At the moment, researchers are focused on 
developing next generation Li-ion battery anode materials that have advantages over carbon 
in terms of larger storage capacity, low cost and ease of large scale up production. The anode 
of choice is not yet established in Na-ion batteries although certain carbon materials can be 
used. Also, the research community is focused on finding higher capacity alternatives for 
carbon materials for anodes of Na-ion batteries. The following sections review the available 
types of anode materials for metal-ion batteries, overview typical carbon materials and 
discuss the new generation materials that can alloy and de-alloy reversibly with lithium and 
sodium.  
1.5.1 Mechanisms of charge storage in anodes of metal-ion batteries 
There are three main mechanisms of lithium or sodium storage in anode materials- 
insertion, conversion reactions and alloying-de-alloying. 
In the insertion mechanism, metal ions are inserted or intercalated into vacant 
positions in the crystal structure of the anode materials and the electrode converts back to its 
original composition during delithiation or desodiation. Hence, insertion mechanism is also 
referred to as intercalation mechanism.  Some of the examples of insertion materials in Li-ion 
batteries are WO2 and TiO2 [47]. The reaction mechanism can be written as: 
I + xM+ + xe-  ↔  MxI. (I represents the insertion material and M+ represents Li+ or Na+). 
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In the conversion mechanism, an anode material transforms into nanoparticles of a 
metal and a lithium compound and then alters back to its original composition during 
charging. For example, some metal phosphides, such as Cu3P, NiP2, Sn3P4, GaP, and  metal 
oxides of Cu, Fe, Ni, Co and Ru interact with lithium ions via the conversion reaction 
mechanism [47]. The reaction equation for this mechanism can be written as: 
CX + nM+ + ne- ↔  LinX + M (where X stands for O, P, N or S elements and C represents 
metal). 
 In the alloying mechanism, an anode material reversibly alloys with lithium or 
sodium. Group IV and V elements, such as Si, Sn, Pb, Ge, As, Sb, P, Bi and also some 
metals, such as Al, Au, In, Ga, Zn, Cd, Ag and Mg, follow this mechanism [47]. Si and Ge 
are popular alloying anode materials in Li-ion batteries but density functional theory predicts 
that sodium alloys with Si and Ge form NaSi and NaGe compounds, which result in a low 
gravimetric capacity of Si and Ge anodes in Na-ion batteries [48]. The electrochemical 
reaction can be written as: 
A + xM+ + xe- ↔  MxA (where A represents an alloying element). 
1.5.2 Carbonaceous materials 
 Since the commercialisation of Li-ion batteries, carbon has been the preferred choice 
for negative electrodes of Li-ion batteries. Graphitic carbon is used as anode in commercial 
Li-ion batteries due to its lower redox potential than those of metal oxides, chalcogenides and 
polymers and its high specific capacity. A layered flexible structure of graphite enables 
lithium ions to flow in and out of the host structure during intercalation and de-intercalation 
in a reversible way. Other, non-graphitic carbon materials also appear as promising anode 
materials for the emerging Na-ion battery technology. The carbonaceous materials relevant to 
batteries are classified into two types, graphitic and non-graphitic (disordered) materials, and 
are reviewed next.  
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1.5.2.1 Graphitic Carbon 
 Graphitic carbon is a carbonaceous material that consists of stacks of graphene layers 
(basal planes). In each layer, each carbon atom is bonded with three adjacent carbon atoms 
through sp2 bonding, forming a continuous hexagonal pattern. The basal planes are attached 
to each other by weak forces known as van der Waals forces. The common graphitic polytype 
has a layered structure with “ABABAB…” stacking and hexagonal symmetry, as shown in 
Figure 1.2 [49, 50]. The onset of the intercalation process for metal ions occurs at the edge of 
the planes and the intercalation through the basal planes is possible only at the defect sites 
[49, 51]. At ambient pressure, six carbon atoms uptake one Li atom (n≥ 6 for LiCn) in a 
highly oriented graphitic structure. In LiC6, Li avoids occupying the nearest site due to the 
repulsive force between the guest species. The graphitic structure undergoes two important 
changes during intercalation: i) graphitic stacking order ( graphene layers)  shifts from “AB” 
to “AA”; and ii) the interlayer distances between the layers increase by about 10.3%  to 
accommodate the lithium ions into the host structure during intercalation. 
 
Figure 1.2 Crystal structure of graphite. Modified and redrawn from ref. [50]. 
 
 The intercalation of Li between the graphite layers occurs in stages. During 
intercalation, four stages are formed (Figure 1.3). Stage IV cannot be shown due to a low 
concentration of Li in graphite.The stage number is labelled based on the number of basal 
planes separating Li atoms. For example, stage III means that Li atoms are separated from  
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Figure 1.3 Schematic representation of Li insertion between the graphite layers during 
different stages of intercalation. Modified and redrawn from ref. [65]. 
 
each other by three graphene layers, as shown in the Figure 1.3. A capacity of 372 mAh g-1 is 
obtained at the end of stage I due to the formation of LiC6 [49, 52]. 
 Chemical intercalation of sodium between the graphite layers can be achieved using 
vapour method reaction, where graphite is exposed to Na vapour. Another method that is 
used to intercalate sodium (to form CxNa, where  x varies from 1.54 to 9) utilises low and 
high pressure reaction in which graphite reacts with molten Na at a temperature of 250˚C and 
a pressure of 15-45 Kbar [53-55]. The amount of Na intercalation into graphite at room 
temperature, using a polyetheylene oxide-NaCF3SO3 electrolyte, was very low, with an 
uptake of one sodium atom per 64 carbon atoms (NaC64), resulting in a capacity of 35 mAh g-
1 [56]. Theoretical calculations show that the insertion of sodium in between the graphite 
layers is not possible (interlayer spacing is 3.35 Å) due to the high energy barrier 0.12 eV.  
The energy barrier is reduced to 0.053 eV when the interlayer distance is larger than 3.7 Å, 
and this allows the Na-ions to intercalate into graphite [57]. 
1.5.2.2 Non-graphitic carbon 
 The carbon materials in which atoms are arranged inplanar hexagonal networks 
without any crystallographic order along the c axis are referred to as non-graphitic carbons. 
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They are classified into two different types - graphitizing carbon (soft carbon) and non-
graphitizing carbon (hard carbon) [49, 58, 59]. 
1.5.2.2.1 Graphitizing carbon 
  
 
Figure 1.4 Schematic diagram of soft carbon. Redrawn from ref. [72] 
 
 In graphitizing carbons (soft carbons), cross-linking between the carbon layers is 
weak and the layers are mobile enough to form a graphite-like structure during annealing 
[59]. The structure of soft carbon can be seen in Figure 1.4. The stoichiometric uptake of 
lithium by soft carbon is much less than the uptake by graphite. The amount of lithium in the 
extreme composition LixC6 varies from x equal ~ 0.5 to ~ 0.8. The uptake of lithium ions in 
soft carbons depends on the crystallinity, microstructure and the morphology of the soft 
carbon. Turbostratic carbon, coke and carbon blacks are some of the examples of soft 
carbons. The active sites for the storage of lithium ions are reduced due to the wrinkled and 
buckled structure in the case of turbostratic carbon [49]. The intercalation of Li-ions between 
the layers in turbostratic carbon is hampered because the layers are randomly stacked and the 
defective structure prevents the shift in the stacking from “AB” to “AA” during intercalation 
[60]. 
 Soft carbons can be possible anode materials for Na-ion batteries. A turbostratically 
disordered soft carbon delivered a reversible capacity of 100 mAh g-1 during the 2nd cycle 
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[61]. The expansion of available graphene layers during insertion of Na shows the 
intercalation behaviour [61]. The reversible capacity of Na in carbon black depends upon the 
surface area of the carbon. The carbon black with a low specific area of 22 m2 g-1 showed a 
reversible capacity of 121 mAh g-1. Na was stored in between the bent layers of  graphene 
[62]. 
1.5.2.2.2 Non-graphitizing carbon 
 In a non-graphitised carbon (or hard carbon), the cross-linking layers are rigid, 
immobile and cannot restructure into the graphitic arrangement when annealed at high 
temperatures. The structure is highly disordered, with cavities ranging from micro to nano 
pores, and the schematic diagram of hard carbon can be seen in Figure 1.5. This type of 
carbon is synthesised at temperatures varying from 500 to 1000˚C [49, 63]. The hard carbons  
possess capacity much higher than that of graphite (about 1000 mAh g-1 for microporous 
carbon bead usually referred to as coke) [49, 64, 65]. The major problems associated with 
hard carbons in lithium cells are the voltage hysteresis (lithium de-intercalates at a much 
higher potential) and huge irreversible capacity loss in the initial cycle [64, 66].  
 The insertion of sodium occurs more easily in a disordered graphitic structure. 
Stevens and Dahn have reported reversible insertion and de-insertion of Na in both hard and 
 
Figure 1.5 Schematic diagram of hard carbon. Redrawn from ref. [72] 
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soft carbon materials. Hard carbon has delivered an initial insertion capacity of around 350 
mAh g-1 with an irreversible loss of 100 mAh g-1 [61]. The insertion of Na between the 
graphite layers and expansion of interlayer distance happen in the hard carbon at potentials 
above 0.2 V vs Na/Na+. The  reversible capacity of 100 mAh g-1 below 0.2 V was due to the 
accomodation of Na ions into the pores present in the hard carbon [67].  
 From the discussion above, it is clear that graphitic carbon has a low operating 
potential in Li-ion batteries, good structure and cycling stability, but the major problem 
associated with it is its low capacity (372 mAh g-1). The graphitic carbon can uptake small 
amounts of Na-ion at room temperature and hence cannot be considered for practical 
application in Na-ion batteries. The density of graphite is low, hence it requires huge volumes 
to accommodate sufficient material towards the anode section which will increase the size of 
the commercial Li-ion battery. On the other hand, non-graphitizing carbons have huge 
capacity in Li-ion batteries (400 to 2000 mAh g-1) but suffer from voltage hysteresis; 
irreversible capacity loss. In addition, the Li storage mechanism in non-graphitic carbon is 
unknown. In the case of Na-ion batteries, the intercalation reaction occurs around 0 V in non-
graphitizing carbon, which might result in sodium plating on the surface of the electrode, and 
the capacity of these materials (~ 240 mAh g-1) is much less than in the Li-ion battery. Hence, 
there is a need to find an alternative anode that possesses high capacity and operates at higher 
potential (much safer) in a Na-ion battery. Therefore, it is necessary to find the alternative 
class of anode materials to achieve high capacity, enhanced safety and long cycle life for 
metal-ion batteries. The materials that undergo alloying mechanisms with metal-ions have 
significant advantages over traditional graphite material. 
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1.5.3 Alloying materials 
 Materials that alloy with lithium and sodium are some of the most promising 
candidates for replacing low capacity carbon anodes in Li-ion and Na-ion batteries. The 
replacement of lithium metal with alloying materials was investigated for the first time by 
Dey in 1971 [68]. It has been shown that lithium alloys with certain metals electrochemically 
in a liquid organic electrolyte (1M LiClO4-PC) at ambient temperature [68]. Generally,an 
alloying reaction can be written as: 
M + xLi+ + xe-  ↔  LixM (where M represents an element that alloys with lithium). 
 With the exemption of a few hard metals such as copper, stainless steel, titanium, 
nickel, niobium and molybdenum, Li alloys with most metals and semi-metals, in group 1V 
and V in a Li ion containing electrolyte. A sequence of intermediate alloys (with different 
stoichiometries of Li-M alloys) is often formed during charge and discharge of an alloying 
electrode, resulting in steps visible in the galvanostatic charge-discharge curves. A lithium-
metal alloy has been investigated as an anode using molten salt electrolyte in thermal 
batteries that operate at temperatures around 400-450˚C [69, 70]. Li-Al and Li-Si alloys were 
the earliest studied Li-M alloys in high temperature batteries [71-74]. 
 Na does not generally alloy with group IV and V elements. For example, Si and Ge 
have a very low gravimetric capacity in Na-ion batteries [75]. Nevertheless, Na alloys with 
Sn, P, Pb and Sb, which may become prospective high capacity anode materials for Na-ion 
batteries [75]. Aluminium does not have electrochemical reactivity with Na and hence Al can 
be used as a current collector that can reduce the cost of the battery (copper foils are costlier 
than Al foils) [76]. 
 M-A (Li-A or Na-A) alloys have a higher melting point than that of metallic Li or Na, 
which is a significant advantage for operation at a high current rate. Furthermore, alloying 
materials are of great interest because of their huge gravimetric capacity (2-10 times greater) 
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and have a higher operating potential than that of graphite, which prevents the lithium plating 
on the surface of the electrode during cycling [8, 77]. 
However, there are two major problems associated with the alloying materials: 
1. Pulverisation and cracking of electrodes due to huge volume changes during alloying 
and de-alloying. This eventually leads to the detachment of materials from the 
substrate or the current collector [8, 78]. Figure 1.6 shows the gravimetric capacity 
and the percentage of volume change of different elements during the alloying and de-
alloying process in Li-ion batteries.  
2. Reduction in the overall energy density of the full cell due to a higher operating 
potential than that of metallic Li. This decreases the potential (voltage) of the cell. 
  
 Among materials that alloy with Li, silicon has received a great deal of interest due to 
its high gravimetric capacity (4200 mAh g-1), low operating potential, natural abundance (the 
second most common element available in the Earth’s crust) and low cost [7, 79]. Si forms a 
sequence of various intermetallic compounds during alloying with Li. The different alloy 
forms of silicon that appear during the charge and discharge are Li12Si7, Li14Si7, Li13Si4 and 
Li22Si5. The amount of volume change during the transformation to the corresponding 
intermediate phases is 152%, 193%, 336% and 411%, respectively. The crystal structure of 
the starting material, silicon, is cubic in nature. The material transforms to orthorhombic 
(Li12Si7 and Li13Si4) alloys and finally reverts back to the cubic structure for the Li22Si5 phase 
[79, 80]. A capacity of 4200 mAh g-1 (corresponding to the formation of the Li4.4Si phase) is 
obtained only at higher temperatures, whereas a maximum capacity of 3600 mAh g-1 is 
achieved at ambient temperatures [81, 82]. During lithiation, the internal resistance of the 
electrode decreases due to the enhanced conductivity of intermetallic compounds (LiXSi)  
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Figure 1.6 Gravimetric capacity and volume change for alloying elements and carbon in Li 
ion anodes. See Ref. [16, 92-95] for values. 
 
when compared with pure Si in the fresh electrode. As the lithium starts to de-alloy, during 
the charging process, the internal resistance of the electrode increases, since the volume of 
the materials in the electrode contracts and breaks the particles, and results in the loss of 
contacts between the surrounding particles. This increases the charge transfer resistance and 
contact resistance in the electrode, hence the lithium cannot completely de-alloy from the 
electrode as some of the Li gets trapped in the anode, and it is the main reason behind the 
capacity fading of the electrode [83-85]. Si does not have significant electrochemical activity 
with Na. 
 Tin (Sn) is another material researched extensively, apart from silicon, as an anode 
material for Li-ion batteries during the last decade. Similar to Si, tin also forms different 
intermetallic compounds with lithium during the alloying process, and the theoretical 
capacity of Sn is 994 mAh g-1 [8, 86]. There are six different intermediate stages such as 
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LiSn, Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2 and Li22Sn5 (or Li4.4Sn) identified by Wen and 
Huggins (1981) at higher temperature of 415˚C [87]. Crystallographers have revealed the 
exact alloy formulation of the final phase as Li17Sn4 (i.e. Li4.25Sn) using X-ray and neutron 
diffraction studies. This yields a theoretical capacity of 960 mAh g-1 [88, 89]. Similarlyto Si, 
the huge volume change (260 %) during alloying and de-alloying leads to capacity fading due 
to the disintegration of the electrode; this problem hinders the commercialisation of these 
materials. An in-situ atomic force microscopy experiment has revealed that, during cycling, a 
Sn electrode does not return back to its original morphological condition [90]. This is caused 
by the pulverisation of the Sn where the large particles of Sn are broken down into small 
particles or islands. These small islands gets agglomerated and enlarged, or expanded, in the 
vertical direction and hence the height and the volume of the electrode increase during the 
corresponding cycles. The capacity decay and poor capacity retention of Sn is also attributed 
to the volume change of the particle during the Li-Sn alloy formation [90]. Other alloy 
materials which undergo maximum lithiation to form Li17M4-type alloys are Germanium (Ge) 
and lead (Pb). Ge has a theoretical capacity of 1600 mAh g-1, the third largest storage 
capacity beyond Si and P; each Ge atom can store 4.4 Li+ ions [91]. The lithium diffusivity 
and the electrical conductivity is 400 and 104 times higher than that of silicon [92]. Pb has a 
theoretical capacity of 549 mAh g-1 and 4.25 atoms of Li+ ions can be accommodated by each 
Pb atom. However, Ge is very expensive and Pb is highly toxic [7]. Apart from the 
disadvantages outlined above, these materials also experience huge volume changes similar 
to other alloying materials, causing the pulverisation of electrodes and capacity fading. 
 A promising approach used to solve the issues related to volume change is to reduce 
the size of the particles (either to sub-micrometer level or further to nanoscale) and disperse 
particles in a matrix of suitable composites. A review of the steps in nanostructuring and 
creating composites follow. 
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1.5.3.1 Nanomaterials 
 The electrodes, which consist of nanostructured materials, have considerable 
advantages over micro-structured materials. The reaction, which does not happen in 
microparticles, seems to take place when the particle size is reduced to nanoscale level. For 
example, MnO2 did not show any lithium intercalation reaction, whereas MnO2 at nanoscale 
can react with lithium [93, 94]. Commercial Si particles exhibit an initial discharge capacity 
of 2600 mAh g-1, whereas coin-like Si nanospheres and nest-like Si nanospheres display 
discharge capacities of 3550 and 3952 mAh g-1 at 100 mA g-1, respectively. Micro-structured 
Ge powder exhibits a quick capacity fade and the capacity drops to 280 mAh g-1 at the end 
the 3rd cycle, while the Ge nanowires display a capacity of around 600 mAh g-1 at the end of 
the 30th cycle [95]. In-situ TEM studies reveal that pores appear on Ge nanowires at the end 
of delithiation and become larger during repeated cycling due the merging of small pores. 
This porous structure maintains integrity with no cracks during alloying and de-alloying, 
which is different from the processes in bulk Ge. The network of nanopores permits fast 
lithiation and de-lithiation due to the high electronic conductivity and fast Li diffusivity in 
germanium [96].  
 The major advantages of the nanomaterials of alloying materials is that they can 
expand and contract without physical disintegration. For example, Silicon nanotubes 
exhibited an initial capacity of 3247 mAh g-1 and retained 89% of the first lithiated cycle at 
the end of 200 cycles [97]. Ex-situ SEM shows the nanotubes still maintains their structure 
and morphology. This shows that nanostructured materials are better equipped to 
accommodate the stress in the materials during cycling [97]. Nanostructured electrodes 
provide a shorter diffusion length for lithium ions than the micro-structured electrodes. This 
allows the electrodes to operate at high charge-discharge rates because lithium ions need less 
time for insertion and de-insertion from the host crystal structure. 
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 The major disadvantage of nanomaterials is their high surface area which causes 
secondary reactions on the surface of the electrode resulting in high irreversible capacity 
during the first cycle [98]. For example, Ge nanowires exhibit an initial coulombic efficiency 
of 39% due to the solid electrolyte interface (SEI) layer formation and the small oxide 
formation on the surface of the nanowires [99]. The formation of more complex structures 
containing inorganic salts and polymerised organics (SEI layer) on the electrode surface by 
the reaction of lithium with the electrolyte explains the irreversible capacity in the initial 
cycles. A method to reduce the side reactivity of the electrolyte, along with addressing the 
volume change in active battery materials, is to disperse the nanometer sized particles 
uniformly in either an active or inactive matrix of a composite. The matrix acts as a buffer 
which absorbs pressure from expanding nanoparticles during the alloying process and 
prevents the electrode from getting delaminated from the current collector during cycling [7, 
8, 49]. Carbon can act as the supporting matrix in the composites, and the composites used 
can be of active-inactive or active-active types [7]. The preparation of composites with 
alloying materials is reviewed in the following sections. 
1.5.3.2 Active-inactive composites 
In active-inactive composites, the alloying materials are mixed with inactive materials 
which cannot alloy with the lithium ions during the lithiation process. The major role for 
inactive particles is to provide stability to the electrodes by buffering the huge volume change 
in the active particles in the electrode [98]. 
For example, the Si/TiB2 composite was prepared by ball milling with two different 
conditions [100]. Pre-milling of the inactive phase may be beneficial in some cases. Inactive 
TiB2 was pre-milled for 18 hours and subsequently mixed with Si [100]. This was followed 
by milling for an additional 12 hours. A control composite was prepared without the pre-
milling step for the inactive component. The electrochemical performance (reversible 
Chapter 1 
25 
 
capacity and cycling stability) of the pre-milled composite was much better than that of the 
composite produced without pre-milling. The pre-milling decreases the particle size of the 
inactive materials and ensures more homogenous distribution of the stress induced by the 
huge volume expansion of the active materials in the composite [100, 101]. 
Reactive ball milling can be also beneficial to produce an active-inactive composite. 
For example, a Si/SiC composite was prepared by reactive ball milling of Si with          
carbon [102]. The composite prepared in such a way has a better capacity retention than the 
composite prepared by direct ball milling of Si with SiC. The likely reason is the presence of 
small SiC particles finely dispersed in the matrix [102]. The ratio of Si to SiC in both 
composites was kept at a similar value - 1:2. 
Some of the pure metals such as iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), 
molybednum (Mo) and niobium (Nb) do not show any electrochemical reactivity with 
lithium. If an intermetallic system (in which the second component is capable of alloying 
with lithium) is prepared, an active-inactive composite may form in-situ during the electrode 
operation. For example, MoxSn1-x intermetallic, with four different amounts of Mo ranging 
from 0<x to x<0.26, has been tested electrochemically. The increase in Mo content increases 
the reversibility of the reaction, lowers the interparticle resistance, and leads to a better 
cycling stability than that of the pure Sn [103]. Wang et al. have reported the electrochemical 
behaviour of intermetallic NiSi which exhibited a discharge capacity of 1180 mAh g-1 (that 
corresponds to 3.82 atoms of Li/Si atom) and displayed an initial Coulombic efficiency of 
80% with a capacity retention of 66% after 25 cycles. Intermetallic NiSi exhibits a much 
better capacity retention than pure Si in this study but the cycling stability is not as good as 
that of graphite [104].  
An active/inactive composites display similar type of electrochemical performance in 
Na-ion batteries. For example, Lin et al. have reported the electrochemical behaviour of 
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Sn0.9Cu0.1 which exhibits an initial Coulombic efficiency of 35% and retains 97% of the 
highest discharge capacity (440 mAh g-1) in a Na-ion half-cell at the end of 100 cycles. 
Meanwhile, pure Sn electrode has exhibited a highest discharge capacity of 500 mAh g-1 
(third cycle) but the capacity of the electrode dropped to less than 50 mAh g-1 after 100 
cycles [105]. This further states that the pure material show higher gravimetric capacity but 
the cycling stability is not as good as that of the active/inactive matrix composite. 
 The major drawback with the active/inactive matrix is the low gravimetric capacity 
(mAh g-1) compared to the pure active materials. Also, the inactive material might slow or 
block the lithium diffusion or electron transfer in the electrode, resulting in a lower            
capacity [106]. 
1.5.3.3 Active-Active matrix composites 
 In active-active composites, lithium (or sodium) can react electrochemically with both 
components [8]. Various forms of carbon are a popular choice for the second active 
component in the composite that can react with lithium (or sodium in Na-ion batteries) and 
simultaneously perform a role of a matrix supporting the nanoparticles of an alloying 
material, helping the overall electrode to maintain its structural integrity and performance. 
There are different types of carbon such as graphene, carbon nanotubes (CNT), 
amorphous carbon, graphite, acetylene black, activated carbon and carbon black that are used 
as an active matrix to prepare composites [107-111]. The carbon increases the electronic 
conductivity and it also acts as a buffer matrix by exerting the compressive stress on the 
alloying particles during lithiation. Furthermore, the carbon helps to maintain the integrity of 
the electrode by preventing the agglomeration of alloying particles during cycling. Thus the 
electrode pulverisation is prevented, thereby increasing the stability of the electrodes [8, 112]. 
However, the electrochemical performance of the active-active matrix composites depends on 
the types of carbon and the preparation method as well. 
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Among different methods, mechanical ball milling is one of the promising practical 
techniques to prepare suitable nanocomposites incorporating some of the materials that alloy 
with lithium. For example, Datta et al. [113] have prepared Si/graphite composite by ball 
milling. It has been demonstrated that the presence of inactive SiC increases with an increase 
in milling time, which leads to a lower reversible capacity but enhances cycling stability 
[113]. Inorder to prevent the formation of SiC during milling, different carbon precursors 
such as poly vinyl chloride and citric acid were used. After milling, the mixture was calcined 
at 400˚C to 900˚C in an inert atmosphere to produce amorphous carbon [114, 115]. The 
formation of SiC during milling can also be prevented by varying the ratio of Si to C (0.1:0.9 
to 0.25:0.75) [116]. 
Sn is a ductile material and hence the crystallite size of Sn does not decrease 
significantly even after milling with super P carbon [117]. A Sn/C composite prepared by ball 
milling shows a low initial Coulombic efficiency (73%) with a capacity retention of 83% of 
the first charge capacity (680 mAh g-1) at the end of 10th cycle [117]. The larger crystallite 
size of Sn particles, 68 nm after 10 hrs of milling, is due to the agglomeration of Sn during 
ball milling [118]. To prevent the agglomeration and increase the stability, tin is mixed with 
either active or inactive materials in the presence of carbon to produce a composite. For 
example, Sn can be mixed with Co (inactive) and carbon using ball milling. Two composites 
were prepared using different milling time lengths of 72 hours and 102 hours, respectively. 
The longer milling time reduces the particle size to 14-16 nm and the particles appear 
dispersed uniformly in the carbon matrix. Hence, the composite with the higher milling time 
shows a stable behaviour with a reversible capacity of 500 mAh g-1 after 65 cycles [119]. A 
nanocomposite of SnSb/C has been prepared by mixing Sn with active Sb and carbon using 
ball milling. The composites show better initial coulombic efficiency and capacity retention 
than a pure Sn/C composite. The enhanced cycling stability was due to a decrease in the size 
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of the initial particles during cycling and the prevention of agglomeration of the reduced 
particles by carbon, also acting as a buffer [117]. This thesis focuses on the composites of 
two elements, Sb and P, with carbon for Li-ion and Na-ion batteries. The available literature 
on the application of such composites in batteries is reviewed in the following two sections. 
1.5.4 Antimony and its composites with carbon 
The pnictogen group elements, such as phosphorus (P), antimony (Sb), bismuth (Bi) 
and arsenic (As), show electrochemical reactivity with lithium and sodium. The structure of 
these elements possesses a low atomic packaging density with large voids for ion 
accommodation during alloying and de-alloying. Each pnictogen group element can uptake 
three Li atoms during alloying and delivers much higher gravimetric capacities than those of 
commercial graphite [7]. The atomic number of antimony is 51 and its atomic packing factor 
is 39% [7, 120]. The melting and the boiling points of antimony are 630.7˚C and 1753˚C, 
respectively. It is stable under normal room atmosphere and oxidises when heated in air at a 
higher temperature [120]. Antimony alloys with Li stepwise to form Li3Sb as revealed by 
Park et al. [121] and Wang et al. [122]. It is a two-step process where Sb (rhombohedral) 
uptakes two Li atoms to form Li2Sb (hexagonal) and then takes another Li atom to form 
Li3Sb (cubic) (this process provides a theoretical gravimetric capacity of 660 mAh g-1). The 
de-alloying is a single step process, where Li3Sb (cubic) goes back to Sb (rhombohedral) 
[121, 122]. Sb alloys with sodium to form Na3Sb and have the same theoretical capacity of 
660 mAh g-1 in Na-ion battery anodes [123]. The in-situ analysis of bulk Sb electrode in a 
Na-ion half-cell, tested at a rate of C/8 (27.5 mA g-1) shows that the Sb phase alloys with Na 
to form Na3Sb and converts to amorphous Sb at the end of desodiation during the first cycle 
[124]. However, Sb undergoes a 200% volume expansion and contraction during lithiation 
and delithiation and it undergoes a 390% volume change during sodiation and desodiation. In 
the case of an electrode prepared with bulk Sb material, this causes the electrode to break 
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down within a few cycles [8, 110, 125]. The capacity of bulk antimony drops to less than 100 
mAh g-1 within a limited number of cycles (20 to 50 cycles) [126-128]. The particles cannot 
withstand dramatic volume change during repeated cycling as this leads to pulverisation, 
cracking in the electrode and a drastic capacity loss. The antimony electrodes can be used as 
anodes in Li-ion or Na-ion batteries if the problems outlines above can be solved. The 
stability of the alloying materials can be improved by mixing them with active or inactive 
materials in composites. 
The active Sb component has been mixed with an inactive material SiC in the weight 
ratio of 70:30 via high energy mechanical milling [129]. The composite exhibits a much 
better electrochemical performance than that of the pure Sb phase in Li-ion battery. The 
initial capacity of the composite is around 600 mAh g-1 and drops to 350 mAh g-1 within 20 
cycles. In contrast, the capacity of the pure Sb drops to less than 100 mAh g-1 after the same 
number of cycles [129]. Baggetto et al. have reported that Cu2Sb thin films of 200 nm in 
thickness display better capacity retention than that of the bulk antimony particles in Na-ion 
battery. The capacity of the obtained electrode is 225- 275 mAh g-1. The reduction in the 
capacity is due to the presence of an inactive material (copper) that contributes additional 
space and weight in the intermetallic compounds [130]. In general, the presence of an 
inactive material in the composite  reduces the capacity of the electrode. Therefore, it is more 
beneficial to mix antimony with other active elements to enhance the capacity of the 
electrode. The capacity of the electrode depends upon the composition and nature of active 
elements. For example, if Sb is mixed with another active element with its theoretical 
capacity higher than that of Sb, the theoretical capacity of the Sb active material composite 
may increase. For example, a SnSb compound shows a capacity of around 750 mAh g-1 in the 
second cycle in the Li-ion battery, which is higher than the theoretical capacity of Sb. The 
capacity drops steeply from 750 to 150 mAh g-1 within 30 cycles [117]. The electrode cannot 
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withstand the huge volume expansion and contraction of active materials and, therefore, its 
electrochemical performance deteriorates much faster than can be observed in many cases for 
active-inactive composites. Attractive cycling stabilities and rate capabilities can be achieved 
for the composites of Sb with various forms of carbon that do not experience dramatic 
volume changes upon reacting with lithium or sodium. 
Hassoun et al. [131] have reported Sb-C composites, two different crystallite sizes of 
antimony prepared using the sol-gel method. The Sb/C-1 contains antimony with a crystallite 
size of around 40 nm and Sb/C-2 contains antimony crystallites with sizes of around 24 nm. 
The content of antimony in the carbon matrix in the Sb/C-1 and Sb/C-2 composites is 66% 
and 34%, respectively. It has been shown that the particle size and carbon content determine 
the cycling stability of the electrodes. The Sb/C-1electrode shows a steep decline in capacity 
from 500 to 200 mAh g-1 within 25 cycles, with a subsequent slow decline (the capacity 
drops only 50 mAh g-1 over the period of the next 75 cycles). The Sb/C-2 composite displays 
a drop in capacity of 50 mAhg-1 (250 to 200 mAh g-1) over a period of 99 cycles, at the 
current rate of 100 mA g-1. The small particle size can withstand the strain associated with the 
huge volume change caused during lithium insertion and exertion. The content of antimony in 
the composite determines the capacity of the electrode [131]. Nithya et al. have reported a 
reduced graphene oxide (rGO)/Sb composite for Na-ion batteries with a component weight 
ratio of 9.5:90.5. The composite maintains a capacity of 525 mAhg-1 at the end of 150 cycles, 
88% of the first discharge capacity, at a current rate of 0.5C (328 mAh g-1). The composite 
shows a capacity of 100 mAh g-1 operating at a current rate of 10C. Transmission electron 
microscopy (TEM) analysis, conducted at the end of 150 cycles, discovers that rGO acts a 
matrix and holds the Sb particles on its surface during repeated cycling and prevents the 
electrode from breaking. The high diffusivity of sodium in the composite is 100 times greater 
than the pure Sb which allows the electrode to operate at a high current rate [128]. Similarly, 
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the electrode consisting of Sb nanoparticles embedded inside carbon fibers is capable of 
maintaining a capacity of 350 mAh g-1, with a drop of only 50mAh g-1, over a period of 300 
cycles at a current rate of 100 mA g-1 in a sodium half-cell. This template-free electrode 
delivers a capacity of 100 mAh g-1 at 6 A g-1. The unique structure holds the small antimony 
particles firmly within the carbon fibre during cycling. The small particles of antimony 
embedded inside the carbon fibres are better equipped to accommodate the stress and strain in 
antimony nanoparticles during cycling  [132]. It is quite difficult to control the ratio of Sb to 
C in composites synthesised using chemical methods; many external factors such as 
temperature and environment determine the reproducibility of the composite. Ball milling is 
an alternative method which allows one to produce composites in a more controllable way. 
Park et al. [110] have reported an Sb/C composite prepared by ball milling. The Sb-
Super P carbon black (80:20 by weight) composite shows an initial Coulombic efficiency of 
88%, which is much higher than Coulombic efficiencies in composites prepared by chemical 
synthesis methods; however, the capacity retention over a period of 100 cycles is poor.The 
cycling stability can be maintained to close to 100% by confining the electrochemical 
potential window for a lithium half-cell to a restricted range (0.8 – 2 V vs Li/Li+). The Sb- 
Super P composite tested in a potential window of 0.8-2.0 V has an excellent cycling stability 
over a period of 100 cycles with a stable capacity around 330 mAh g-1. This is achieved via 
allowing Sb to convert to only the Li2Sb alloy in the selected potential range [110]. A 
decrease in the capacity is the major drawback associated with the reduced potential 
windows, as the active materials are not lithiated (or sodiated) to the maximum extent. 
Stability of the electrode can be also achieved by preparing composites using two different 
carbon sources. The examples of such composites are antimony-carbon black-graphite and 
silicon-carbon black-graphite [110, 133]. The Sb/super P/graphite composite with a 
component weight ratio of 40:10:50 shows a capacity retention of 86% of the first charge 
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capacity over a period of 100 cycles within a full potential window (0.0-2.0 V vs Li/Li+).  
Such a good cycling stability is associated with some void space between Sb/C and graphite, 
which enables an additional buffering effect for the composite [110]. According to these 
results, the composite with a double carbon matrix can enable the electrode to operate within 
the full potential range but with a reduced capacity due to the dilution of the primary active 
phase. 
 Qian et al. have reported an Sb/C composite produced by milling Sb with Super P 
carbon black (in the weight ratio of 7:3). The Sb nanoparticles of ~10 nm are found in the 
carbon matrix and the composite displays an initial discharge capacity of  717 mAh g-1 with a 
coulombic efficiency of 85% in Na-ion battery. The capacity of the electrode displays a 
dramatic drop from 550 mAh g-1 to around 80 mAh g-1 at the end of 80 cycles. The reason for 
the abrupt drop in the capacity is the increase in the resistance of the solid electrolyte 
interphase and the decomposition of the electrolyte. This can be solved by adding additives to 
the electrolyte [127]. In particular, an Sb/C composite tested in a 1M NaPF6/EC:DEC 
electrolyte containing  5 vol.% FEC displays a stable capacity of 575 mAh g-1 over a period 
of 100 cycles, with a small drop of only 50 mAh g-1. A stable SEI passivation layer prevents 
significant decomposition of the electrolyte beyond the first cycle, which enhances the 
cycling stability [127]. Zhou et al. have synthesised a Sb/MWCNT composite by a wet 
milling procedure and the electrode retains 76% of the second cycle capacity (502 mAh g-1) 
in the electrolyte containing 5% FEC. The increase in the FEC amount from 5 to 10% 
reduces the cycling stability and the retained capacity is only 160 mAh g-1 in the 120th cycle. 
The higher content of FEC leads to a thicker SEI layer, thereby reducing the reversibility and 
increasing the polarisation voltage between sodiation and desodiation [134]. The results 
presented show that creating a proper carbon composite with a small antimony particle size is 
important inorder to obtain maximum capacity from the electrode and enable the electrode to 
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operate at a high current rate. Along with this, the presence of FEC additive in the electrolyte 
is necessary for the electrode to run for an extensive number of cycles. 
 Overall, the particle size of Sb and the ratio of the components in a composite 
determine the cycling stability of the electrode. However, there are still gaps in understanding 
how the particle size of the alloying materials affects the electrochemical performance. The 
exact component ratio of Sb/C needs to be optimised to achieve an excellent electrochemical 
performance with a reasonable capacity which is greater than that of the commercial anode 
available in the market. 
In this thesis, a unique magneto ball mill is used to produce different particle size 
(micro and nano) Sb in the carbon based composites. Their electrochemical performance is 
tested in anodes of Li-ion and Na-ion batteries. The Sb-C composites and the influence of the 
component ratio on the particle size of Sb, and the electrochemical performance of 
composites are evaluated. The mechanism of alloying between Sb and Na during sodiation 
and desodiation is further studied using in-situ X-ray diffraction for the Sb particles with 
different sizes.   
1.5.5 Phosphorus and its composites with carbon 
Phosphorus belongs to group 15 and its atomic number is 15. It has three allotropic 
forms - white, red and black [135]. White phosphorus is very volatile and the least stable as it 
bursts into flames when it is exposed to the atmosphere. For that reason, it is always stored 
under water [136]. Red phosphorus is amorphous in nature, non-toxic and easier to handle as 
it is less reactive with the atmosphere [135]. Black phosphorus is thermodynamically stable 
below 550 ◦C and decomposes back to red phosphorus at higher temperatures [120, 137]. 
Black phosphorus can be obtained from either white or red phosphorus by applying high 
temperatures and pressure. Black phosphorus was first synthesised by Bridgman et al. [138] 
from white phosphorus by applying a pressure of 1.2 GPa at 200 ◦C for 5 to 30 minutes. It can 
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be prepared by ball milling red phosphorus in the presence of argon atmosphere [139]. Black 
phosphorus has an orthorhombic crystal structure with puckered layers similar to those of 
graphite [135, 139-141] and its unit cell dimensions are a =3.31 Å, b = 4.38 Å and c = 10.50 
Å [142]. 
Phosphorus alloys electrochemically with lithium to form Li3P, whereas P alloys with 
Na to form Na3P and the theoretical specific capacity of P in both cases is 2596 mAh g-1 
[143]. Consequently, it is a promising material for the anode in Li-ion and Na-ion batteries. 
Red phosphorus has a large irreversible capacity during the first cycle and does not show 
much electrochemical reaction after the first cycle. Park et al. and Nagao et al. [107, 108, 
139] have shown that red phosphorus has a reversible capacity of only 12% and 3% after the 
first cycle. A red P electrode tested against Na metal displays an initial discharge capacity of 
2500 mAh g-1 but the capacity drops to an negligible level within three cycles [144]. Red P 
undergoes a volume change of 308% during sodiation and desodiation [144]. The large 
irreversible capacity and huge volume change make red phosphorus unfavourable for using it 
as an anode material. By contrast, the black phosphorus has shown a reversible capacity of 
57% to 61% at the end of one cycle [108, 139]. The high irreversible first cycle reaction is 
due to the loose contact with the electronic conductors (which are added to increase to the 
electronic conductivity) and also with the current collector. 
Black phosphorus is a semiconductor with a narrow band gap and, therefore, has poor 
electronic conductivity [139, 142]. It can be suggested that black phosphorus can be used as 
an anode material if the issues of significant volume change during cycling and limited 
electronic conductivity can be addressed. This can be achieved through creating composites 
of black phosphorus with carbon. 
Marino et al. [107] have reported that the red phosphorus which showed low capacity 
during delithiation but a reversible capacity (i.e. from 1385 mAh g-1 to 900 mAh g-1 at the end 
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of 20 cycles) is obtained when mixed with mesoporous carbon to form red P/C composite in 
the ratio of (1:1). This suggests that preparing a composite with carbon may be a necessary 
step to achieve a good reversible capacity in a phosphorus-based electrode. The authors have 
suggested that the main reason for the reversible capacity is the electronic modification of red 
P. The reversible capacity obtained is less than the theoretical capacity of phosphorus because 
of the high carbon content in the composite [107]. Red P has been mixed with different types 
of carbon materials such as Picactif carbon, Ketjen black, and Ketjen black-3 carbon that 
have specific surface areas of 1800, 800 and 1400 m2 g-1, respectively. The red P/Ketjen 
black-3 composite shows a better cycling performance than other composites of phosphorus 
with carbon. The initial capacity is around 1281 mAhg-1 and drops to 850 mAhg-1 at the end 
of 20 cycles. The capacity, drops to 750 mAhg-1, is observed over the next 40 cycles. The 
better confinement of P in PC NC2-3, better porosity and high purity are the major reasons 
for the improved cycling performance. The red P/C composite with a component weight ratio 
of 1:2 shows a much better cycling performance than that of the composite with a component 
ratio of 1:1 due to a lower content of P, high electronic conductivity and better control over 
the volume expansion of the alloying material due to the presence of a large amount of 
carbon [145].  Li et al. (2014) have incorporated red P into porous carbon nanofibres and 
tested them as free-standing electrodes. The composite shows a capacity of 1050 mAh g-1 in 
the second cycle with a capacity decrease of 300 mAh g-1 over the last 99 cycles with an 
initial Coulombic efficiency of 78%. The pores in the nanofibres alleviate the volume 
changes and P retention within the nanopores; this leads to a better capacity retention [146]. 
Wang et al. (2012) have also dispersed red P in a mesoporous carbon (phosphorus content in 
the composite was 30.6%). This composite shows a very high capacity (2413 mAh g-1) and is 
reasonably stable (2100 mAh g-1 over 55 cycles) in Li-ion cells [147]. Qian et al. reported the 
red P milled with carbon (7:3 ratio) for different durations produces different structures of 
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phosphorus/C composite. The amorphous P/C composite delivered excellent electrochemical 
performance compared to the other P/C milled for less than 24 hrs. Amorphous P/C showed 
an initial coulombic efficiency of 90% (discharge capacity 2651 mAh g-1 and charge capacity 
of 2355 mAh g-1 at a current rate of 250 mAh g-1) and retained almost 2300 mAh g-1 at the 
end of 55 cycles. The composite displayed stable capacity around 1740 mAh g-1 at a higher 
current rate (4000 mAh g-1) over a period of 100 cycles [148].  
Park et al. synthesised black P/C composite (70:30 ratio) using ball milling and tested 
this as an anode in a Li-ion battery. The capacity of the composite dropped to 200 mAh g-1 in 
a full potential window (0.0-2.0 V) at a current rate of 100 mA g-1 within 20 cycles. The 
drastic fading of capacity was due to the huge volume change of P during lithium alloying 
and de-alloying. The black P/G reported by Sun et al. displayed capacity around 1849 mAhg-1 
at the end of 100 cycles. The bond between black P-C enhances the reversibility of the 
composite and enables the composite to operate at a higher current rate [149]. The cycling 
stability of black P/C composite can be maintained at close to 100% by confining the active 
materials within a suitable potential window. Black P/C composite, operated between a 
potential window 0.78-2 V, maintained a stable capacity around 600 mAh g-1 over 100 cycles 
[139]. Black phosphorus alloys with Li to LiP rather than Li3P within a confined potential 
window. This reduces the volume change in the electrode during lithiation and de-lithiation, 
which enhances the cycling stability of the electode. 
Kim et al. have reported an amorphous red phosphorus/carbon composite as an anode 
for Na-ion batteries [144]. The composite has been synthesised using a ball milling technique 
and the weight ratio of components was 7:3. The  electrodes prepared using a polyacrylic acid 
(PAA) binder display an intial capacity of 2200 mAh g-1, and almost 93% of the capacity in 
the second cycle is retained at the end of 30 cycles. The electrodes prepared using 
polyvinylidene fluoride (PVDF) binder lose almost 1000 mAh g-1 in capacity within 5 cycles 
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[144]. Polyacrylic acid (PAA) and carboxy methyl cellulose (CMC) binders can provide 
better capacity retention in the electrodes due to their three dimensionally linked polymer 
chains that show better mechanical resistance to the strain developed in the electrode 
compared to PVDF [150]. This illustrates that the choice of a binder also plays a vital role in 
the capacity retention. The red P/C composite electrode exhibits a capacity of 1540 mAh g-1 
at 2.86 A g-1 current rate. A faster cycling rate of the electrode has been achieved due to the 
enhancement of the conductivity of the composite (3.5 X 10-5 S cm-1) compared to 
conductivity of the bare red P electrode [144]. The electrical conductivity of phosphorus is 
much lower (1 X 10-14 S cm-1) [143]. 
Qian et al.have reported an amorphous phosphorus/carbon composite synthesised 
using a ball milling technique. The amorphous P/carbon composite displays a stable capacity 
of 1450 mAh g-1 until the 40th cycle in a Na-ion cell, and then the capacity decreases steadily 
to 800 mAh g-1 at the end of 140th cycle. The composite electrode attains a capacity of 640 
mAh g-1 at 4 A g-1. An improved cycling stability was due to the presence of fluro ethylene 
carbonate (FEC) that helps to form a stable SEI on the surface of the electrode [151]. In 
addition, Yabuuchi et al. have reported a phosphorus/acetylene black composite with the ratio 
of components of 1:1. The composite in their work was produced by ball milling. The 
electrolyte with FEC provides a better capacity retention for this electrode than the pristine 
electrolyte in Na-ion battery. The electrode shows a better capacity retention when the 
potential window is restricted to 0.0-0.8 V vs Na/Na+. Soft X-ray photoelectron spectroscopy 
reveals that the SEI layer decomposes and re-forms during each cycle within the potential 
window of 0.0-2.0 V vs Na/Na+ [152]. Further, Li et al. have mixed red P with carbon 
nanotubes by hand grinding. The weight ratio of red P was varied from 1:1 to 9:1. A higher 
content of carbon nanotubes (CNT) reduces the overall capacity of the electrode, while the 
composite with 70% of red P displays the best cycling performance in a Na-ion battery. The 
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composite with the weight ratio of phosporus to carbon of 70:30 retains 750 mAh g-1, i.e. 
60% of the capacity in the second cycle as at the end of the 20th cycle [153]. Synchrotron 
powder diffraction and ex-situ XRD reveal that P completely transforms to Na3P during 
sodiation and reverts back to the amorphous phase during desodiation [144, 152]. However, 
the electrode does not reach the theoretical value of capacity during sodiation, although this 
could have been expected from the results of ex-situ XRD. 
In summary, the amorphous P/C and black P/C composites have shown reasonable 
electrochemical performance in a metal-ion battery. The few literature reports show that 
amorphous P/C showed a drastic capacity for fading while Qian et al. reported black P/C 
showed the worst electrochemical performance in both Li and Na-ion batteries. There is still 
not enough evidence behind the capacity fading of both amorphous P/C and black P/C 
composite. In addition, the literature report also shows researchers used different types of 
binders and electrolytes with additives to enhance the cycling stability. However, there are 
still a lot of gaps in understanding how the structure of a phosphorus-carbon composite really 
affects the electrochemical performance in metal-ion batteries. 
In this thesis, composites of phosphorus with carbon are synthesised by ball milling. 
One contains black phosphorus in the form of crystalline nanoparticles while another 
composite contains amorphous phosphorus. The electrochemical performance of the two 
different composites is examined and the mechanism of charge storage is investigated by ex-
situ XRD. The underlying reasons behind the capacity fading in the composites are analysed.  
1.6 Cathodes for Na-ion batteries  
 If the anodes based on alloying materials are to be used in batteries, they need to be 
paired with suitable cathode materials in full cells. This can be done more easily in Li-ion 
batteries because the technology is more established. For example, well-established LiFePO4,  
LiCo0.33Ni0.33Mn0.33O2 and LiNi0.8Co0.15Al0.05O2 materials are commercially available [154]. 
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The situtation is quite different in Na-ion batteries because both anode and cathode materials 
are not well established yet and identification of a suitable cathode material remains of 
importance. In this thesis, an attempt to evaluate a possible cathode material for Na-ion 
batteries is also included. 
 The choice of cathode depends on the type of anode for Na-ion batteries. If the 
cathode material does not contain Na (the case of V2O5, for example) the anode acts as an 
initial resorvoir of Na. If the anode does not contain any Na source, the cathode acts as a 
resorvoir of Na. All materials must be stable at room temperature [155]. Whittingham has 
proposed a set of criteria a material should possess inorder to be considered as a cathode for 
Li-ion batteries. Since Na-ion batteries operate on a similar principle, the same set of rules 
should be satisified by a candidate cathode material in Na-ion batteries [18]. The key 
requirements are as follows: 
1. The material should posses a transition metal since they are easily oxidised or 
reduced. 
2. The structure of the material should allow uptake and release of sodium in a reversible 
manner during cycling. 
3. The structure of the material should have minimum expansion and contraction during 
sodiation and desodiation. 
4. The material should accommodate atleast one Na atom per transition metal and posses 
a high operating potential. 
5. The material must have good electronic properties and a high free energy reaction. 
6. The structure of the material should be stable and should not degrade during 
overcharge or overdischarge. 
7. The material should be easy to synthesise and be environmetally friendly. 
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A brief overview is presented of the different types of cathode materials that have been 
researched over the past few years for Na-ion batteries. The major part of the literature 
review is based on polyanion materials. 
 Layered oxide materials have two dimensonal lamellar (slab) structures and they are 
generally represented using NaxTMO2 (where TM denotes a transitional metal) formula. The 
layered oxides are classified into two different types depending on the occupation of Na sites. 
If Na atoms are coordinated octahedrally to oxygen atoms, the phase is refered to as an 
octahedral phase where On (where n represents the repeated period of TM stacking) is 
designated. The phases in which Na atoms occupy the trigonal prismatic sites are designated 
Pn. Delmas et al. studied the bronze type NaxCoO2 as a cathode for Na-ion batteries in 1981. 
The NaxCoO2 shows stepwise plateaus during charging/discharging and the phase changes 
from octahedral (O3) to prismatic (P3) during desodiation at room temperature and converts 
back to O3 during sodiation. This phase change occurs due to the movement of the transition 
metal oxide slabs during sodium insertion and de-insertion. NaxCoO2 with the P2 phase does 
not change structurally during de-sodiation and sodiation since the phase transformation 
requires breakage of the Co-O bond which occurs only at high temperatures. The P2 phase 
exhibits a much better cycling performance compared to that of the O3 phase (NaxCoO2) due 
to the structural stability [156]. Ding et al. have synthesised P2-Na0.74CoO2 using a solid state 
method. The material exhibits a capacity of 107 mAh g-1 at 0.1C with a capacity retention of 
99.9% during the initial 40 cycles [157]. NaxTiO2, NaxCrO2, NaxFeO2 and NaxNiO2 are some 
other transition metal oxides that may be used as cathodes for Na ion batteries. The multiple 
plateaus have several disadvantageous such as they reduce the overall cell potential and cause 
phase transition that leads to structural instability during sodiation and desodiation [158]. 
This can be minimised using binary or ternary transition metal oxide. The binary tansition 
elements are chosen carefuly such that it replaces the mutiple step plateaus with a slopy 
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charge-discharge curves [158]. Wang et al. have reported that the P2-Na2/3CoO2 displays 
multiple plateaus during desodiation and sodiation but the introduction of Mn and the 
increase in its concentration (P2-Na2/3MnYCo1-YO2) lead to the transformation of stepwise 
plateaus which reduce to a single sloping curve. The effect is due to the inductive effect of 
Mn causing the potential at which the redox reaction of Co occurs to decrease. Similarly, the 
inductive effect of Co increases the potential for the redox reaction of Mn [159]. In order to 
increase the cycling rate, Li is substituted into the NaxTMO2. Kim et al. have demonstrated 
that the P2-Na0.85Li0.17Ni0.21Mn0.64O2 crystal structure displays an excellent cycling stability 
and rate capability. The electrode shows a reversible capacity of 60 mAh g-1 at 25C (1000 
mA g-1) and retains 90% of the intial capacity (100 mAh g-1) at 15 mA g-1 over a period of 50 
cycles. The Li atoms inside the structure act as a pillar and provide structural stability that 
help the easy movement of sodium ions in the crystal structure during charging and 
discharging [160]. A major safety issue associated with the transition metal oxides is the 
evolution of oxygen gas that reacts with the electrolytes at elevated temperatures and can 
cause fire resulting in the explosion of a battery [161]. 
1.6.1 Polyanion materials 
 Polyanion materials are researched most extensively and used widely in commercial 
Li-ion batteries. LiFePO4 is a standout material in this application. The operating potential is 
strongly influenced by the polyanion’s local environment, oxygen forms a covalent bond with 
polyanion, which reduces the redox energy levels of the transition metal and hence the 
working potential of the battery can be altered [36, 162]. Phosphates have a high thermal 
stability due to the strong covalent bond of oxygen with polyanion, but some transition metal 
phosphates such as MnPO4 are less thermally stable than FePO4 [163, 164]. LiFePO4 has been 
used in commercial Li-ion batteries due to the low cost of materials, their environmental 
friendliness and the high energy density of the batteries. 
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 NaFePO4 with an olivine structure has a theoretical capacity of 154 mAh g-1 but the 
synthesis processes are quite complicated for this material. NaFePO4 changes from an olivine 
phase to a maricite phase at a temperature of 480˚C and hence the suitable phase of NaFePO4 
is difficult to synthesise by methods not based on electrochemical sodiation [165]. NaFePO4 
with maricite structure is more stable but does not possess any channels for Na diffusion and 
hence this structure is not suitable as a cathode for Na-ion batteries [28, 44, 166]. Moreauet et 
al. reported the synthesis of olivine NaFePO4 from FePO4 by electrochemical sodiation in a 
half-cell. The sodiation of FePO4 goes through an intermediate phase of Na0.7FePO4 before 
forming NaFePO4 [165]. Zaghib et al. also followed a similar procedure to prepare olivine 
NaFePO4. Their material shows an initial capacity of 147 mAh g-1 and the capacity retention 
is good at 60˚C but a poor capacity retention is measured at room temperature [167]. Oh et al. 
prepared olivine NaFePO4, synthesised from FePO4 through sodiation in a half-cell as well. 
The electrode displays an initial capacity of 125 mAh g-1 when cycled at 7.5 mA g-1. The 
electrode maintains a stable capacity over a period of 50 cycles and retains 80 mAh g-1 when 
cycled at 77 mA g-1. The ex-situ XRD shows that the electrode maintains its crystallinity at 
the end of 50 cycles [168]. 
  A carbon coated NaFePO4 electrode displays much better electrochemical 
performance than the pristine electrode. The carbon coated electrode shows an initial capacity 
of 110 mAh g-1, retains 90% of its initial capacity after 100 cycles when cycled at a current 
rate of 15.4 mA g-1. The electrode records a capacity of 23 mAh g-1 at a current rate of 340 
mA g-1 [169]. Since these electrodes have major drawbacks, such as the preparation technique 
which involves electrochemical sodiation and the opeartion of the electrode at high 
temperatures, this makes these materials least favourable. Hence, there is a need to find a 
suitable class of materials that undergo sodiation and desodiation at room temperature. There 
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are other classes of materials called flurophosphates that provide reasonable electrochemical 
performance at room temperature. 
 Flurophosphate polyanion-based cathode materials combine (PO4)3- and F- in the 
anion sub-lattice, which is expected to enhance the operating voltage due to the higher 
ionicity of the M-F bond [36]. Baker et al. were the first to suggest flurophosphate-based 
materials as possible candidate cathode materials for Na-ion bateries [43]. Na3V2(PO4)2F3 is 
the first material, among this group, that has been studied as a cathode material [123]. 
Polyanion sodium iron flurophosphate (Na2FePO4F) has been synthesised by Ellis et al. and 
tested electrochemically as a cathode in a hybrid cell (Li-ion cell) [170]. The Na2FePO4F 
synthesised using ionothermal [171] and solid state reaction [172] methods shows the 
electrochemical activity that occurs around a potential of 3V. Kawabe et al. reported that 
Na2FePO4F with carbon coating can deliver a capacity of 120 mAh g-1 at a very small current 
rate of 6.2 mA g-1 (0.05C). The ascorbic acid is used here as a carbon precursor and the 
carbon content in the composite is as little as 1.3% [172]. Later, Langrock et al. synthesised a 
hollow porous Na2FePO4F/C composite, with pores of 2.5 nm in the carbon shell, using 
ultrasonic spray pyrolysis. The electrode delivers a capacity of 89 mAh g-1 at 0.1 C and 
retains 90% at the end of 100 cycles. The electrode also delivers a capacity of 75 mAh g-1 at 
1C and 80% of its capacity remain at the end of 750 cycles. The excellent performance of the 
electrode is due to the combination of carbon coating (it increases electronic conductivity) 
and porous structure (it provides easy diffusion of sodium ions). The sodium iron 
flurophosphate (Na2FePO4F) transforms to NaFePO4F through an intermediate phase of 
Na1.5FePO4F. The material shows two distinct plateaus around 2.9 and 3.1 V during 
desodiation [173]. The structure of the material experiences a 3.7% volume change when it 
transforms from  Na2FePO4F to NaFePO4F. The lattice parameters of the intermediate phase 
Chapter 1 
44 
 
Na1.5FePO4F are between those of the intial and the final products with a slight change in 
symmetry in the monoclinic structure [44, 170, 173]. 
 The reports published were focused entirely on assessing Na2FePO4F-based materials 
that discharge to the NaFePO4F phase. In this thesis, I synthesise a composite based on a new 
sodium iron flurophosphate material using combined sequential techniques of ball milling 
and solid state synthesis. The electrochemical performance of this new material tested and the 
sodium insertion mechanism are commented on. 
1.7 Structure of the thesis 
 The thesis is divided into seven chapters presenting a body of work within a wider 
research question of electrode materials for Li-ion and Na-ion batteries (Li-ion/Na-ion).  
Chapter 1 explains the importance of secondary metal-ion batteries for the present and next 
generations. Further, it reveals the advantages of Li-ion and Na-ion battery technologies over 
other types of rechargeable batteries. A detailed review on the synthesis, characterisation and 
electrochemical performance of electrode materials for Li-ion/Na-ion batteries is presented. 
Further, this chapter discusses and highlights the gaps in knowledge that need to be addressed 
in this thesis and outlines the objectives of the thesis. 
Chapter 2 summarises the experimental methods used to synthesise materials, perform 
structural characterisation, electrode preparation, cell fabrication and test the electrochemical 
performance of electrode materials. 
Chapters 3-6 contain experimental results and their discussion. In particular, Chapter 3 
focuses on antimony-based composites with carbon and their electrochemical performance in 
Li-ion batteries. This chapter deals with the crystalline structure of the composite and its 
correlation with the electrochemical performance. 
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Chapter 4 discusses the influence of different weight ratios of antimony to carbon in the 
composites on a typical particle size of antimony. Further, the impact on the electrochemical 
properties in both Li and Na-ion systems is discussed. This chapter explains that the Na 
storage mechanism may be different in composites with different particle sizes of Sb.  
Chapter 5 presents the preparation of two different phosphorus - carbon composites and their 
electrochemical performance in both Li-ion and Na-ion systems. This chapter also discusses 
the outcomes of the post-mortem analysis of the electrodes after cycling and their correlation 
with electrochemical properties.  
Chapter 6 focuses on a novel sodium iron fluorophosphate material, and its electrochemical 
performance in Na-ion batteries is presented. This chapter also explains the role of carbon in 
the electrode material during cycling.  
Chapter 7 summarises the results of this doctoral work, possible extensions of it and 
directions for future work. 
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Chapter 2 Experimental and characterisation 
techniques 
 In this chapter, a brief overview of the experimental techniques used for synthesising 
the materials, their characterisation and testing the electrochemical properties for Li and Na-
ion batteries is presented. 
2.1 Experimental and synthesis techniques 
2.1.1 Ball milling 
 Ball milling is a simple technique employed to modify the materials (break or weld 
the particles) that are subjected to impact by moving balls inside a vial. In this technique, 
materials are loaded in a ball milling container which can be rotated or shaken. As the 
container moves, the balls move rhythmically along the walls or towards the walls, creating a 
shear force or impact on powders. The impact of balls on powders depends upon the kinetic 
energy of the balls, and, in most cases, the ball milling is used to bring the particles down to 
the nanometre size. There are two types of milling processes, wet milling and dry milling. 
The wet milling is done in the presence of a solvent, whereas dry milling is done in the 
absence of any solvent. Wet milling is often used for homogenous mixing. When the particles 
are broken down due to the impact of the balls, the solvent covers the fresh surfaces, thereby 
preventing the agglomeration that takes place during milling. In dry milling, agglomeration of 
the particles can be prevented by milling the materials along with other suitable materials (for 
example, antimony was milled with carbon in this research thesis). In order to reduce the 
particles to nanometre size, high energy ball milling is required. In this type of milling, the 
kinetic energy of the balls is increased which in turn increases the force of impact on 
powders. There are different types of high energy ball mills such as vibrational, planetary, 
attritor and mixer mills [174, 175].  
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 In a planetary ball mill the vials move in a fashion similar to that of the movement of 
the planets in our solar system, as shown in Figure 2.1. The planets revolve around the sun, 
while rotating around their own axes. Similarly, the ball milling vials are mounted in a 
planetary ball mill on a wheel or a circular disc that rotates in a circular path. As the vials are 
on the wheel, they also revolve in a circular path while also rotating along their own axes in 
an opposite direction to that of the wheel. The ball movements inside the planetary ball mill 
are different from the conventional ball mill (which depends on the gravitational force), as it 
relies not only on the gravity, but also on the centrifugal force developed from the revolution 
and rotation of the vial along its own axis [174]. A Fritsch Pulverisette5 planetary ball mill 
was used in the current study. Ten stainless steel balls (25 mm in diameter) were loaded into 
each vial, and the disc wheels were rotated at a speed of 200 rpm. 
 
Figure 2.1 Schematic representation of a Fritsch Pulverisette5 planetary ball mill [176]. 
 
 Apart from the planetary ball mill, a unique magneto ball mill (also known as a Uni 
ball mill) was also used to synthesise the materials. In this ball mill, the ball milling container 
is rotated vertically around its own axis, as shown in Figure 2.2. To enhance the kinetic 
energy of the balls, an external magnet is placed near the vial, creating a magnetic field in the 
vicinity of the vial. Magnetic stainless steels balls are used for milling the materials and they 
are strongly affected by both the magnetic field and gravitational field. The balls are elevated 
to the top under the influence of the external magnetic field and are allowed to fall down 
from the top creating a strong impact. The impact of the balls on the powder can be varied 
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depending on the position of the magnet and the rotation speed of the vial [175]. In this type 
of ball milling, four stainless steel balls (25 mm in diameter) are used, the vials are rotated at 
the speed of 75-360 rpm, and the strong external magnet is placed either at 45 or 135˚ to the 
vertical direction. 
 
Figure 2.2 Schematic representation of magneto-ball mill [184]. 
 
 The ball milling vials are fitted with valves and an o-ring to conduct milling under 
different atmospheres and pressures. In this work, the milling was done under the argon 
atmosphere to prevent oxidation of materials during milling. A Fritsch Pulverisette5 planetary 
ball mill was used to prepare black phosphorus and its composites, whereas the magneto ball 
mill was used to prepare composites of both antimony and amorphous phosphorus with 
carbon. Wet milling (magneto-ball mill) was one of the stages involved in the synthesis of 
cathode materials. 
2.1.2 Hydrothermal process 
 Hydrothermal synthesis refers to the synthesis of materials in the presence of a 
solvent (either aqueous or non-aqueous) simultaneously under high temperature and high 
pressure. It is accepted that hydrothermal synthesis has several advantages over other 
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conventional synthesis processes. Compounds with metastable phases, low temperature 
phases, compounds with controlled oxidation states are generally difficult to synthesise. 
However, these compounds can be produced using a hydrothermal method in many cases. 
The structure of the particles and their growth orientation depend on various factors such as 
concentration of the solution, pressure and temperature [177]. In this thesis, the hydrothermal 
method is one of the steps involved in synthesising a cathode material for Na-ion batteries. 
The details of the hydrothermal synthesis used in this thesis will be discussed later in Chapter 
6. An autoclave is a cylindrical vessel that is designed to withstand high temperature and 
pressure simultaneously. Hence, an autoclave is the preferred choice of equipment for the 
hydrothermal process. The schematic diagram of the autoclave is shown in Figure 2.3. The 
selection of suitable materials for manufacturing an autoclave depends on factors such as 
experimental temperature, pressure conditions and corrosion resistance within the range of its 
operating temperature. The stainless steels are one class of materials used for manufacturing 
autoclaves as they have ultimate tensile strength and can withstand high temperature 
operation without much change in their structure. The inner liner or inner container is made 
up of Teflon (PTFE). The solvent containing reagents is poured into the inner container and 
hence the inner container should be corrosion resistant. Teflon is resistant to highly corrosive 
solvents and suited to operate at a low temperature and pressure; 300˚C and 250 bars, 
respectively. The major drawback associated with the PTFE-lined container is its poor 
thermal conductivity. The Teflon liners and cap can be sealed easily by applying a slight 
external pressure. The external stainless steel container is closed by its lid and pressure 
required to seal the PTFE container is applied by tightening the screws present on the 
stainless steel lid. In this thesis, the reagents were mixed in tetra ethylene glycol (a non-
aqueous solvent). The autoclave used for the hydrothermal process was purchased from John 
Morris Scientific Pty Ltd. The autoclave consists of two parts, the external part was made up  
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Figure 2.3 A schematic representation of a 125 ml PTFE lined autoclave. Adapted from the 
ref. [185]. 
 
of stainless steel and the inner container that holds the solution was made up of Teflon (125 
ml) which can withstand temperatures of up to 250 ˚C. 
2.1.3 Solid state reaction 
 Solid state reaction is one of the oldest techniques to synthesise materials. Solid state 
reaction is used to produce materials by mixing two inorganic precursors. In this synthesis, 
reactants are mixed together in a dry state in the crucible and heated in the tube furnace at a 
high temperature of up to 1500 ˚C in the presence of a reactive gas. It is a slow process as the 
reactants are heated in a dry state; up to 10 hours of annealing is required for the homogenous 
mixing of reactants at the atomic level [178]. 
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 In this thesis, the hydrothermal method is followed by the solid state reaction to 
synthesise the materials which are used as a cathode in sodium-ion batteries. Thermal 
annealing is done by using a Tetflow tube furnace under the flow of either reactive gases such 
as 5% Ar/H2 mixture or inert gas such as Ar. The materials were loaded into a crucible and 
were kept under the gas flow for 3-4 hours to remove the presence of oxygen inside the tube 
furnace. The temperature was raised at a fixed heating rate of 5˚C per minute until it reached 
the annealing temperature (100 ˚C or 600 ˚C) and maintained for 3-10 hours depending on 
the reaction process. The furnace was allowed to cool down to room temperature before 
removing the sample from the furnace. 
2.2 Characterisation techniques 
2.2.1 X-ray diffraction 
 The X-ray powder diffraction (XRD) technique is used to identify the crystallographic 
structure, crystallinity and the crystallite size of the synthesised powder. When a beam of 
monochromatic X-ray strikes the atoms in the lattice, the X-ray waves are scattered or re-
emitted elastically. The waves that are re-emitted from the crystals undergo either 
constructive or destructive interference. The waves that are in phase add together to produce 
constructive interference to give the diffraction pattern. The diffraction condition of any 
sample is based on Bragg's law 
nλ= 2d sinθ  (2.1) 
where n is the order of the reflection, d is the interplanar spacing, λ is the wavelength of the 
incident X-rays and θ is incident angle at which the X-ray beam strikes the lattice planes.  
In this thesis, the XRD patterns were collected using a PANalyticalX’Pert PRO 
diffractometer with an incident Cu Kα radiation (λ=0.15418 nm). The instrument was 
operated at a voltage of 40 kV and current of 30 mA. The scan time and step angle used for 
measuring the synthesised powders were 2 s/step and 0.02°. The measurement was done over 
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a range of 10-90°. X-ray powder diffraction of the powder samples was carried out on the 
samples prepared by mixing the powders with ethanol to make a slurry and coating on a low 
background silicon crystal. Ex-situ XRD patterns were also collected from the electrodes at 
the discharged and charged states. The electrodes were taken out from electrochemical cells 
and washed with either dimethyl carbonate or propylene carbonate (Sigma Aldrich) to 
remove the residual salt deposited on the surface of the electrode. The electrode was adhered 
to the silicon crystal plate and the XRD pattern was collected. The scan time and step angle 
used for measuring the diffraction from electrodes was either 2 sec/step or 13 sec/step and 
0.02◦ over a range of 10-90◦. A higher scan time was used to get maximum intensities from 
the diffraction patterns of the charged and discharged electrodes. The X’Pert data collection 
software was used to analyse and retrieve the recorded data. The X’Pert data collection 
software was used to analyse and retrieve the recorded data. 
 The crystallite size of the particle can be obtained from peak broadening of the XRD 
pattern. It can be calculated using Scherrer formula 
β(2θ) = (Kλ) / (L Cosθ)  (2.2) 
where β is full width at half maximum of the XRD peak in radians, K is the Scherrer's 
constant which is fixed to 0.9 (assuming that all the Sb crystallites in the powder are spherical 
in shape), L is crystallite size in nanometres, λ is the wavelength of the incident X-ray, θ 
corresponds to the angle of the peak position. A particle consists of a number of crystallites 
oriented in different directions. The size measured using XRD patterns represents the 
crystallite size rather than the particle size [179]. 
 Reitveld refinement method uses least square refinement of the XRD peaks based on 
the material parameters such as crystallite structure, lattice constant and space group to 
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simulate XRD peaks until a good agreement with the experimental pattern is obtained. The 
intensity of the calculated pattern at each point can be obtained using 
௜ܻ௖ = ௜ܻ௕ ∑ ∑ ܫ௄ܩ௜௞௉௄మ
ು
௞ୀ௄భು௉
    (2.3) 
where Yic is the net intensity at a particular point i, Yib is the background intensity, Gik is the 
normalised peak function, Ik is the intensity of the Bragg reflection and p represents the 
number of phases. There are two different sets of parameters such as instrumental and sample 
parameters that need to be refined. Sample parameters include zero offset, background, peak 
shape (Gik) and preferred orientations. Mostly, sample parameters depend on lattice 
parameters, atomic poistions and occupancy parameters of the structure. Instrument 
parameters are determined by the type of instrument employed for the experiment. The 
quality of the fit depends on the profile factor Rp, the weighted profile factor wRp and the 
goodness of fit 2  
ܴ௣ =
∑| ௜ܻ௢௕௦ − ௜ܻ௖௔௟௖|
∑ ௜ܻ௢௕௦
  (2.4) 
ܴ௪௣ = ቊ
∑ ௜ܹ( ௜ܻ௢௕௦ − ௜ܻ௖௔௟௖)ଶ
∑ ௜ܹ ௜ܻ௢௕௦ଶ
ቋ
భ
మ
   (2.5) 
ଶ = ∑ ௜ܹ(( ௜ܻ௢௕௦ − ௜ܻ௖௔௟௖)
ଶ
ܰ − ܲ   (2.6) 
where Yicalc and Yiobs are the calculated and the observed intensities at the ith particular step, 
respectively..Wi represents inverse of the variance at the ith step. N represents the total 
number of observations whereas P represents the number of variables in the least square 
refinement. The optimum value 2 for a good fit is close to unity. 
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2.2.2 Synchrotron beam source 
 Synchrotron radiation is used to understand the alloying and de-alloying mechanisms 
of sodium with Sb during charging and discharging. Moreover, it is also used to identify the 
crystal structure of the cathode material. Synchrotron XRD has several advantages over 
normal XRD technique, such as high photon wavelength resolution, tunable photon energy 
(ideal to obtain flourescence-free X-ray powder diffraction and better diffraction peaks), high 
resolution (full width at half maximum is better than 0.01°) and ultrafast data acquisition.  
 In a synchrotron, electrons travel at near the speed of light around an approximately 
circular ring, the storage ring. In fact, these are a series of linear regions with bends. At each 
bend, due to the change in direction, converse energy photons of electromagnetic radiation 
have to be emitted in the range of 6 to 30 keV. 
 The synchrotron X-ray powder diffraction patterns were collected on beam line 10-
BM-1 of the Australian Synchrotron in Melbourne. Photons are passed through a bending 
magnet in the energy range from 6 to 30 keV, high energy X-rays corresponding to 
wavelengths ranging from 2.607 Å to 0.413 Å. Monochromatic wavelength of about 18 keV 
is used in this beam line. The beam is passed through a beryllium window and is guided 
through the radiation shield, a series of filters and a vertical collimating mirror (optimal 
harmonic rejection) onto a double crystal monochromator (DCM). The DCM consists of a 
Si(111) flat crystal and a Si(311) flat/bent crystal with a distance of 25 mm between the two 
crystals. Then the beam is passed through a vertical focusing mirror, which results in the 
beam size (in the unfocussed mode) of 5 mm x 2 mm with a maximum flux of 3 x 1010 
photon/s [180]. 
 The beam is passed onto the sample and gets diffracted onto the MYTHEN detectors 
(developed at the Paul Scherrer Institute, Switzerland). MYTHEN detectors are made up of 
silicon microstrip detectors containing 15,000 independent channels working in parallel. Each 
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channel has its own amplifier and counters connected to the electronics. The channels cover a 
range of 80˚ in 2degree. The silicon strips are highly sensitive in the low energy range (5-
10 keV) and the sensitivity is reduced to 25% for the energy range above 20keV. The 
MYTHEN detectors used at the Australian synchrotron consist of 16 modules separated from 
each other by a gap of 0.1˚. Hence, diffraction patterns were collected over two MYTHEN 
positions to eliminate gaps [181]. 
 In my work at the beamline, a wavelength of 0.72721 Å was used to do the in-situ 
transmission analysis of the electrodes during charging and discharging in a battery. Holes of 
5 mm in diameter were drilled in the spacer, the top and bottom cases to allow the beam to 
pass through the cell. The holes in the top and bottom cases were covered with Kapton tape to 
protect the contents of the cell against the exposure to the atmosphere and allowed the beam 
to pass through. The collection time for in-situ experiments is between 180 to 400 minutes 
and charge/discharge rates used are between 100-200 mA g-1. During the ex-situ diffraction 
analysis, the powder samples were packed in 0.3 mm glass capillaries and data were collected 
for 6 minutes at ambient temperature using Debye-Scherrer geometry. 
2.2.3 Scanning electron microscopy 
 In this thesis, a Scanning electron microscope (SEM) was used to study the size and 
morphology of the particles. In SEM, a beam of high energy electrons bombards the surface 
of a specimen, and electrons are scattered in two ways - elastically and inelastically. In elastic 
scattering, the incident electrons are deflected by specimen atomic nucleus or electrons from 
the outer shell of the atoms to an angle of more than 90˚. These are called back scattered 
electrons and the energy loss during this type of interaction is negligible. In inelastic 
scattering, incidental electrons lose a substantial part of the energy on interaction with the 
atoms and electrons of the specimen. In other words, the incident electron beam transfers 
energy to a specimen atom that causes ionisation of the atom, resulting in generation of 
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secondary electrons (SE) along with Auger electrons, X-rays and cathodoluminescence. The 
working principle of SEM is shown in Figure 2.4. The secondary electrons have energy (> 50 
eV) and hence these electrons are emitted from the outermost few nanometres of the 
specimen surface. There are three types of SE generated inside the SEM column. When the 
primary beam hits the sample surface SE 1 and SE 2 are generated and these signals contain 
maximum information about the morphology of the sample. SE1 is scattered by the beam and 
it is more localised with high resolution, whereas SE2 electrons are produced by the 
backscattered electrons. The back scattered electrons that strike the surface of the column 
walls generate SE 3 electrons and these electrons do not contain any useful information. The 
Everhart-Thornley detector is used to collect all types of SE signals generated inside the SEM 
column and its resolution is affected because the secondary electrons (SE 1) carrying the 
information from the sample is diluted with the SE electrons (2 and 3). This decreases the 
overall signals to noise ratio. Some of the  SE 1 electrons escape and travel back through the 
column and these electrons are collected using an in-lens detector, hence the resolution of the 
image collected by the in-lens detector is better than that of Everhart-Thornley detector [182].  
 SEM has several advantages such as large depth of focus, easiness to operate, ability 
to reveal the surface morphology of a wide range of solid materials and obtain the chemical 
composition of materials through energy-dispersive X-ray analysis. SEM has several 
disadvantages such as the need to operate under vacuum and the requirement for a sample to 
be conductive. In the case of non-conductive samples, the electrons will get accumulated on 
the surface of the specimen. This induces charging effect on the specimen. Hence, non-
conductive samples are coated with a thin conductive film. Furthermore, they are placed on a 
conductive surface such as a carbon tape. Additionally, SEM has a low resolution (a few 
nanometres). 
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Figure 2.4 A schematic representation of the working principle of scanning electron 
microscope. Adapted from ref. [187]. 
 
 The morphologies and particle sizes of the samples were observed using a Carl Zeiss 
SUPRA 55VP scanning electron microscope. The powder samples were spread or deposited 
over a conductive carbon tape. The ex-situ SEM analysis of the electrodes in the charged 
state was also conducted. The cells were disassembled and the electrodes were pressed onto 
the conductive carbon tape. During the SEM observation the accelerating voltage of 5 kV 
was typically used, and the sample was kept at a working distance of 5 mm. 
2.2.4 Transmission electron microscopy 
Transmission electron microscopy (TEM) is used to obtain crystallographic 
information, information about the structure and size of the particles. In TEM, a beam of high 
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energy electrons (i.e., 100-400 kV) passes through an ultrathin specimen. As the beam of 
electrons passes through the specimen, the incident electrons are either un-scattered or 
scattered (elastically and in-elastically) by the specimen. From these two types of scattering, 
various types of information (bright field, dark field images, selected area diffraction 
patterns, electron energy loss spectra) can be obtained [175, 183]. 
In elastic scattering, the kinetic energy of the incident electron beam does not change 
after it interacts with the sample. There are two types of interactions in the case of elastic 
scattering. The interaction between incident electron and the outer electron in the electron 
cloud results in low angle scattering (1-10˚). The forward scattered electrons are more 
coherent in nature. If the incident electron penetrates the electron cloud and interacts with the 
nucleus, it results in a wide angle scattering. If the angle of scattering is between 10˚ and 90˚, 
the incident electrons are still scattered in the forward direction but they are incoherent in 
nature. If the angle of the scattering is greater than 90˚, the incident electrons are back 
scattered [183]. 
In the case of elastic scattering, the electrons are diffracted or scattered at an angle. 
When the beam of electrons strikes the sample some of the electrons in the beam get 
scattered. The scattered electron beams are parallel to that of the incident electron beam. The 
incident electrons are diffracted, and the angle of scattering follows Bragg’s law for the 
crystalline samples. Diffraction patterns form in the back focal plane of the objective lens. 
The selected area aperture is inserted into the image plane of the objective lens and the 
strength of the intermediate lens is changed in order to obtain the diffraction pattern at the 
second intermediate image which is projected on the viewing screen or camera. The bright 
central spot in the diffraction pattern represents the direct, un-scattered electron beam. In the 
case of a crystalline sample, the diffraction pattern can be seen as spots, and each spot 
corresponds to a particular plane in the crystal. For a polycrystalline sample (crystals oriented 
Chapter 2 
59 
 
in different directions), circular rings with bright spots can be observed in the diffraction 
pattern. In the case of an amorphous sample, a broadened ring-like pattern can be visualised. 
We can identify the orientation of the sample and the nature of the material from its 
diffraction pattern [175, 183]. 
In an imaging TEM mode, bright-field and dark-field images can be recorded. The 
un-scattered beam is a primary or the only beam used to obtain the bright field image. The 
objective aperture is inserted into the back focal plane to remove the scattered electron 
beams. This gives a better contrast for the image. This mode is commonly used in TEM. In 
the dark field imaging, the diffracted or the scattered electron beam is selected to obtain the 
image [175, 183]. 
In a high resolution transmission electron microscope mode, the lattice planes and the 
atomic columns in the crystal can be visualised for the crystalline and polycrystalline 
samples. In this mode, high magnification (300,000-400,000X or more) is used. The image is 
formed by the interference of multiple beams scattered by the sample. If the lattice planes are 
arranged parallel to the electron beam, a high-resolution image can be obtained. The 
objective aperture is removed in this mode as the mode requires both un-scattered and 
diffracted beams to produce an interference pattern [175]. In the case of inelastic scattering, 
the incident electron beam loses a part of its kinetic energy on interaction with the sample. 
The diffracted beams are scattered by an angle less than 1˚ during an inelastic scattering 
event. The inelastic scattering occurs due to electron-electron collisions. If the incident 
electron transfers an energy greater than the critical energy to an inner shell of the atom, the 
electrons from the inner shell get excited to the valence band creating holes in the inner 
shells. In order, to bring the atoms to the ground state, the electrons from the outer shells fill 
the holes; in this transition X-rays and auger electrons are emitted. In addition to ionisation of 
atoms, plasmons and phonons can be observed. When the incident electron passes through a 
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free electron cloud or the electrons in the valence band, the electrons begin to “oscillate” 
producing plasmons. Phonons are defined as oscillations of atoms in the crystal lattice. The 
EELS spectra are recorded by collecting electrons that lost energy during their interaction 
with the specimen. An EELS spectrum is divided into two energy loss regions, namely the 
low loss part and the core loss part. The low energy loss region (until 50 eV) contains the 
zero loss peak and plasmons. The coreloss region extends from 50 to 2000 eV. The inner 
shell ionisation energy for each atom is different; through this the elements present in the 
material and compound formula can be obtained by quantifying the elements from the EELS 
spectrum [183, 184]. 
 In the energy-filtered TEM (EFTEM), the image is formed by the electrons that lost 
energy due to ionisation of atoms. The energy loss due to ionisation is very small and 
scattered at a small angle in respect to the direct beam. The schematic diagram of the working 
principle is shown in Figure 2.5. A magnetic prism is used to split the electrons according to  
 
Figure 2.5 A schematic representation of the working principle of energy filtered 
transmission electron microscopy. Adapted from ref. [190]. 
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their energy loss. The slit is used at the end of the prism to select the electrons that lost a 
specific energy and these electrons are used to form an image. In this work, the three window 
method is used for imaging the distribution of elements present in the material. Two images 
are obtained before the ionisation edge (pre-edge 1 and 2), and one more image is recorded 
behind the ionisation edge (post edge). The two images obtained from the pre-edge 1 and 2 
are used to extrapolate the signal from the background [183, 184]. 
2.2.4.1 Scanning transmission electron microscopy 
 In scanning transmission electron microscopy, the beam of incident electrons is 
converged to a point at the specimen, and the beam is raster scanned across the surface of the 
specimen. The working principle is similar to SEM, but the image of the specimen is 
obtained from the electrons transmitted through the specimen. This technique uses a fine 
probe of electrons (0.5 nm and above) to scan the specimen. The images can be collected 
using two type of detectors, namely bright field and high angle annual dark field detector 
(HAADF) as shown in Figure 2.6. The bright field detector is placed on the optical axis and it 
collects the signal from the electrons scattered within 1-5 milli-radian (1 milli-radian= 
0.0572˚). The HAADF ring detector sits around the bright field detector and collects the 
signal that is scattered at larger angles. The scattering angle of electrons is directly 
proportional to the atomic number of elements. The contrast of the signals increases with the 
increase in the atomic number. High-angle dark field imaging is therefore convenient to 
visualise multi-component composites and measure the size of the particles in those 
composite [183, 185]. 
 The TEM samples were prepared by dispersing materials in ethanol. A drop of the 
suspension was dropped on the copper grid coated with either a holey or continuous carbon 
film. For the ex-situ analysis of the electrodes, the cells were disassembled and washed with 
dimethyl carbonate to remove the residual salt on the surface of the electrodes. The materials  
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Figure 2.6 A schematic representation of the working principle of scanning transmission 
electron microscopy. Adapted from ref. [188]. 
 
were scratched from the copper substrates and ground using an agate mortar. The ground 
materials were immersed in a drop of dimethyl carbonate on the grid. The copper grid 
containing the sample was loaded in a Gatan vacuum transfer holder inside the glove box to 
prevent oxidation of the materials. 
 In this study, a JEOL 2100F instrument operated at 200 KV was used. The HAADF 
was used to measure the distribution of particles in the composite. Gatan Imaging Filter (GIF) 
was used to acquire the EFTEM image. 
2.2.5 Raman Spectroscopy 
 A Raman spectrometer is used to find the presence of elements from the vibrations of 
chemical bonds and symmetry of molecules. In this technique, a ray of monochromatic light, 
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usually produced by a laser, interacts with the material and experiences two types of 
scattering, namely elastic and inelastic. The vibrational state of the material gets excited from 
the ground state to a virtual, or excited, state by absorption of the incident light for a short 
duration and returns back to the original ground state by emitting a photon with energy equal 
to that of the incident photon. This is called elastic scattering or Rayleigh scattering. A 
vibration state of the material also gets excited from the ground state to an excited state on 
absorption of an incident photon and then returns to a different energy state by emitting a 
photon with an energy different from that of the incident photon. This is called inelastic 
scattering. There are two types of inelastic scattering. A vibration state of the material gets 
excited from the ground energy state to the virtual state and scatters back to the final 
vibrational energy state, higher in energy than the initial state, is called Stokes Raman 
scattering. If a vibration state of the material gets excited from the ground energy state to the 
virtual state and scatters back to the energy state, lower in energy than the initial state, the 
scattering is called anti-Stokes Raman scattering which is higher in energy. This is the 
fundamental process behind the Raman spectroscopy based on the Stokes Raman scattering. 
The shift in the frequency is measured in terms of wavenumber (cm-1). The bonds that are 
sensitive to Raman spectroscopy occur only at particular wavenumbers, and from this 
fingerprint we can detect the structure of the material [186]. 
 In this thesis, Raman spectra of the phases present in the composites prepared by ball 
milling were obtained using a Renishaw in Via micro-Raman system.  
2.2.6 Nuclear magnetic resonance 
 In this thesis, nuclear magnetic resonance (NMR) was used to identify the phase of 
phosphorus, the type of alloy formed in the discharged state of electrochemical half-cells and 
the state of phosphorus in the charged state of half-cells. In general, when a magnetic nuclei 
is placed in the presence of an external magnetic field, the spin of the nuclei can exist in 
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either of the two states, i.e. spin up and spin down. If the spin angular moment is aligned in 
the direction of the applied magnetic field, it is called spin up state, which is lower in energy 
(ground state), whereas, if the spin is aligned in the opposite direction it is called spin down 
state, which is higher in energy (excited state). In the thermal equilibrium, the population in 
the ground state will be higher than that of the excited state. In the presence of an external 
magnetic field, the nuclei can absorb the electromagnetic radiation and transit to the excited 
state. The energy gap between two states is directly proportional to the strength of the 
external magnetic field and is also related to the properties of the nuclei. Each nuclei is 
shielded by its electron cloud, which produces its own magnetic field (induced magnetic 
field) in the presence of an external magnet. This induced magnetic field can increase or 
decrease the strength of the external magnetic field. For example, if the shielding is stronger, 
the induced magnetic field sometimes opposes the external magnetic field and thus decreases 
the magnetic field near the nucleus. This reduces the energy gap between the ground state and 
the excited state. In a molecule, the electron cloud tends to drift away from the atom bonded 
to electronegative elements. This increases the energy gap as the shielding of the nuclei 
decreases. This explains the chemical environment of the nuclei [187]. In this work, a solid 
state NMR was used. The motion of molecules in a solid is slow compared to liquid solutions 
and thus the chemical shift anisotropy and dipolar interactions can be observed, whereas in 
solutions and gases these interactions are averaged by the fast molecular motion and hence 
cannot be detected. The chemical shift anisotropy and dipolar interactions in solid broaden 
the spectra by a few thousand hertz, resulting in difficulties in the analysis of the data. To 
reduce this effect, the samples were rotated at a tilt angle of 54.7˚ in a method known as 
magic angle spinning [188]. The equipment used in this project was a BRUKER Avance3 
NMR spectrometer. The samples were loaded into rotors inside an argon filled glove box. 
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2.2.7 Dynamic light scattering 
Dynamic light scattering (also known as quasi elastic light scattering) is used to 
measure the size distributions of particles and the method utilises Brownian motion of 
particles. When particles are suspended in a liquid medium, the suspended solid particles 
collide with liquid molecules and move randomly, which is called Brownian motion.  In this 
experiment, a beam of monochromatic light (from a laser) strikes the suspended particles. If 
the particles are smaller than the wavelength of the incident light, it scatters the light 
(Rayleigh scattering) in all directions. The scattered light from different particles interferes 
either constructively or destructively, causing a change in the intensity of the scattered light.  
As the particles are not stationary, the intensity of the scattered light fluctuates and the rate of 
fluctuation depends upon the size of the particles. The small particles move quickly and the 
fluctuation of intensity varies more frequently within a small period of time, whereas larger 
particles move slowly and the intensity of the fluctuation varies slowly. The Zetasizer 
software measures the size of the particles from the rate of fluctuation of intensity, which 
directly depends on the Brownian motion of the particles. In this thesis, particle size 
distribution analysis was done for the antimony carbon composite prepared by ball milling.  
The analysis was done using a Malvern Zetasizer Nano instrument. 
2.3 Electrochemical testing 
2.3.1 Electrode preparation 
 The slurries for manufacturing anodes and cathodes were prepared by mixing active 
materials with an electronic conductor (carbon black) and a binder. Two typical weight ratios 
of components, 80:10:10 and 80:15:5, were used. The carbon black was either acetylene 
carbon black (Cabot Australasia Pty Ltd.) or Super P LiTM (Timcal Corporation), and the 
binder used was either polyvinylidene fluoride (PVDF) (Sigma Aldrich, Australia) or sodium 
carboxymethyl cellulose (CMC) (Sigma Aldrich, Australia). The solvent used for preparing 
slurries was either N-methyl-2-pyrrolidone (NMP) (anhydrous, 99.5%, Sigma Aldrich, 
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Australia) or de-ionised water. The solvent used for preparing the slurry depends upon the 
selected binder used for preparing the electrodes. N-methyl-2-pyrrolidone is used as a solvent 
if a PVDF binder is used, and de-ionised water is used in the case of a CMC binder. The 
slurries were uniformly coated onto pieces of copper foil (>99.99%, MTI Corporation) or 
aluminum foil (Barbeque plates, Coles, Australia) with an area of 1 cm2. The coated 
electrodes were dried in a vacuum oven for 12 hours. The drying temperature depends on the 
type of binder. The electrodes were heated at 70˚C in the case of the CMC binder, and they 
were heated at 90˚C when PVDF was used as a binder. The dried electrodes were pressed 
under the load of 6 tonnes by using a vertical press and a stainless steel metal disc with an 
area of 25 mm2 to enhance the contact between the materials and copper or aluminum 
substrate when appropriate. In the case of the phosphorus-carbon composite, the electrodes 
were used directly without pressing. The weight of the active material was 1-2 mg in each 
prepared electrode.  
2.3.2 Assembly of coin cell 
 
 
Figure 2.7 Schematic diagram of assembling coin cell type CR2032. 
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The electrochemical cells (CR2032 coin-type cells) were fabricated inside an argon-
filled glove box (Innovative technology, USA). The oxygen and the H2O levels inside the 
glove box were maintained at around 0.1 ppm and <1 ppm, respectively. In this thesis, two 
types of battery systems, lithium-ion and sodium-ion, are studied. For each battery type, half-
cells (with the corresponding metal as a counter/reference electrode) were assembled. Li  
metal chip (99.9%, MTI corporation, USA) as a counter/reference electrode, a porous 
polyethylene film (MTI corporation, USA) as a separator and electrolyte of 1M LiPF6 in a 
mixture of ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) 
(1:1:1 by volume, MTI corporation, USA) were used for assembly of lithium half-cells. In the 
case of sodium cells, sodium metal was used instead of lithium as a reference/counter 
electrode, microfiber glass fiber membranes (Whatmann GF/F, Sigma Aldrich) were used as 
separators and 1M of sodium perchlorate (NaClO4, ≥98.0 %, Sigma Aldrich) in propylene 
carbonate (PC, anhydrous 99.7%, Sigma Aldrich) with 2% fluroethylene carbonate (FEC) (by 
volume) was used as an electrolyte. The way the coin cell is assembled from individual 
components inside the glove box is shown in Figure 2.7. The coin cells are sealed using a 
hydraulic press (MTI Corporation, USA). 
2.3.3 Cyclic voltammetry 
 Cyclic voltammetry is the most important and versatile electroanalytical technique 
used to determine the kinetics of reactions, i.e. electron transfer at the electrode electrolyte 
interface, diffusion rate of the analyte, and the reversibility of the reaction from the reduction 
and the oxidation process. In cyclic voltammetry, a voltage sweep is applied to the working 
electrode between fixed potential windows. The sweep rate is set in mV/s. The change in the 
response of the current to changes in potential articulates the reaction occurring in the 
electrode. The current change is due to two types of processes such as non-faradic and faradic 
processes. A non-faradic process is due to the formation of an electrical double layer at the 
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electrode surface. The difference in potential between the electrode and the electrolyte causes 
the electrical double layer. The oxidation and reduction processes are due to the charge 
transfer process at the electrode because of the electrochemical reactions. The change in the 
current due to the faradic process shows the oxidation and reduction potential at the 
electrode. Antimony is used as an example and the CV of the pure antimony sample is shown 
in Figure 2.8. A negative sweep potential causes a reduction (i.e. negative current) and gain 
of electrons in the working electrode. 
Sb + 3Li+ + 3e-  Li3Sb (2.7) 
 The positive sweep potential causes oxidation (i.e. positive current), a loss of 
electrons, in the working electrode. 
Li3Sb  Sb + 3Li+ + 3e-   (2.8) 
  
 
Figure 2.8 Cyclic voltammetry of pure antimony sample (Potential versus  current). 
 
 The potential of the electrode is scanned back and forth within a fixed potential 
window for a number of cycles to determine the reversibility of the working electrode. This 
method is used to find the potential at which the irreversible reaction (SEI layer formation) 
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occurs in the electrode during the first cycle and also to test the stability of the electrolytes 
using different potential windows. 
 In this thesis, the cyclic voltammetry of the coin cells was measured using a Solartron 
1470E instrument. 
2.3.4 Galvanostatic charge–discharge 
Chronopotentiometry is a technique based on applying a constant current to the 
electrode and studying the behaviour of potential within a fixed potential window. 
Chronopotentiometry is also called galvanostatic charge-discharge when it is used for testing 
a battery cell and identifying the charge and discharge capacities of the cell. For example, the 
charge capacity can be calculated using the formula  
Q = I * t    (2.9), 
where Q is the capacity (mAhg-1), I is the current density (mAg-1) and t is time (h) that it 
takes for the electrode to reach the cut-off potential. Energy density can be calculated from 
the chronopotentiometric measurement using the formula  
Specific energy (Wh/kg) =Q * V   (2.10) 
where Q is the capacity (mAh g-1) and V is the potential. 
 The galvanostatic charge-discharge experiments are used to determine the rate 
capability, capacity retention, Coulombic efficicency and polarisation voltage. 
 C-Rate (the definition used in this thesis) is the amount of current either supplied to 
the battery or delivered to the load and is calculated on the basis of the theoretical capacity of 
the electrode. It is calculated as the ratio of the value of the current supplied to the electode to 
the value of the theoretical capacity of the electrode. For example, a current of 573.6 mA g-1 
supplied to the electrode with a theoretical capacity of 573.6 mAh g-1 is referred to as 1C rate. 
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 Capacity retention is defined as the ratio of amount of the capacity offered by the 
battery in the nth cycle compared with that of the first cycle. It is usually represented as 
percentage. 
Capacity retention= ொವ
೙೟೓
ொವభೞ೟
 X 100        (2.11) 
Where QD  refers to the discharge capacity, n represent the number of cycles. 
 Coulombic efficiency is the ratio of the amount of charge delivered to the load 
(discharge capacity) compared to the amount of charge supplied to the battery by the external 
power (charge capacity). It is also represented as percentage. 
Coulombic efficiency ( = ொವ೙೟೓ொ಴೙೟೓ X 100        (2.12) 
Where, QC and QD represent the charge and discharge capacity, respectively. 
 The difference in the potential at which alloying (reduction) and de-alloying 
(oxidation) occurs in an electrode is called polarisation voltage. The theoretical capacity of a 
composite electrode is calaculated using the formula 
M-C composite capacity  = (%M X theoretical capacity of M + %C X theoretical capacity of C) 
(2.13) 
where M represents alloying, conversion and insertion materials. 
 The galvanostatic charge and discharge experiments were conducted on assembled 
coin cells using a Land battery system (Wuhan Land, China). 
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Chapter 3 Effect of ball milling modes on the 
performance of antimony-carbon composite anode 
for lithium-ion batteries 
3.1 Introduction 
 As discussed in chapter 1, the huge volume changes associated with the alloying 
materials may be countered by downsizing the particles and dispersing them in the carbon 
matrix. There are different techniques available for producing nanocomposites. Among them, 
ball milling is a simple process, able to synthesise a large quantity of powders. During 
milling, a high temperature (>80 °C) and pressure of 2 GPa can be generated between two 
ball at the moment of milling impact [174]. For example, a Sn/C composite synthesised using 
planetary ball milling has demonstrated a drastic capacity fade from 1070 to around 400 mAh 
g-1 within 20 cycles [189]. Meanwhile, Park et al. have reported Sb/C composite synthesised 
using high energy ball milling, with a steady decline in capacity. The stable capacity for Sb/C 
composite is achieved with a more complex structure (involving two carbon precursors, 
Super P carbon black and graphite) [190]. Another possible way to improve the capacity 
retention of the Sb/C na nocomposite is by restricting the operating potential window to 
minimise the volume change during cycling [190]. Further, a Si/MCMB composite milled for 
10 hours has been shown to displays a reversible capacity of 1066 mAh g-1 and to retain 65% 
of initial capacity at the end of 25 cycles [191]. Similarly, promising anode performance has 
been observed in a SnSb/C composite. The material shows a capacity of 550 mAhg-1 after 
300 cycles at a current rate of 100mAg-1, and retains 78% of the initial charge capacity in the 
300th cycle [117]. These results indicate that ball milling is a suitable technique for the 
preparation of nanocomposites of carbon with materials that alloy with lithium. There is 
currently no existing knowledge or clear understanding on how different ball milling devices 
and/or particular ball milling modes in the same device affect the structure of a 
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nanocomposite and its performance in the lithium-ion battery. Hence, further research is 
warranted in this area in order to adapt the ball milling method better to the preparation of 
advanced electrode materials for lithium-ion batteries. 
 In this chapter, an easily reconfigurable ball mill is utilised to study the connection 
between the milling mode used, the structure and anode performance of nanocomposites. Sb-
carbon nanocomposites prepared from Sb and graphite powders are selected as model 
systems for the study. Four milling modes involving shear action only, shear action with an 
occasional weak impact as well as two milling modes with strong impact are evaluated. It is 
evident that strong impact of balls during milling is critical to achieve stable electrochemical 
performance of an Sb/C composite. Excellent stable cyclic behaviour is observed in the 
optimal sample. The structural characteristics of the optimal sample are assessed by X-ray 
diffraction, advanced transmission electron microscopy and Raman spectroscopy.  
3.2 Experimental 
 Antimony (325 mesh, 99.5% purity, Johnson Matthey Electronics) and graphite 
(Sigma Aldrich, 282863, <20m) powders were mixed in a 7:3 weight ratio and 5 g of the 
mixture were loaded into a magneto-ball mill with four stainless steel balls (25.4 mm in 
diameter). An easily reconfigurable magneto-ball mill was used in this work [192]. The 
device was originally developed at the Australian National University with the fundamental 
purpose to generate distinctly different ball milling modes and study the influence of milling 
parameters on the characteristics of the resulting ball milled powders [192]. Subsequently, the 
ball milling vials were modified via attaching a gas-tight valves that allow the mills to be 
filled with a desired atmosphere and conduct milling in the gas atmosphere of choice [193]. 
In brief, this mill consists of a disc vial that rotates around a horizontal axis. Certain amount 
of powder and stainless steel balls are placed inside of the vial and an external magnet is 
located outside the vial. The combination of gravity force, magnetic field and rotation makes 
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the balls move in a particular way in the ball mill. The powder is processed via mechanical 
deformation when it is trapped between the surfaces of the balls or between a ball and the 
vial’s wall. The advantage of the magneto-ball mill is the flexibility in selecting the best 
suitable milling mode. By varying the rotation speed and the position of the external magnet, 
distinctive ball milling modes can be chosen, and a number of ball movement patterns 
possible in the milling devices are analysed in the original paper by Calka and Radlinsky 
[192]. These ball milling modes can provide predominantly shear or impact action or a 
combination of these two types of mechanical treatment and also vary the strength of impact 
(i.e., the speed of colliding balls). 
 The milling was performed under Ar atmosphere at an excess gas pressure of 100 
kPa. The same mixture was milled for constant period of 100 hours using four different ball 
milling modes. An external magnet was used in two of the ball milling modes and removed in 
the other two ball milling modes. The milled composites were removed from the ball milling 
containers under the presence of inert Ar atmosphere. 
 In this chapter, four different ball milling modes are used, and they are schematically 
represented in Figure 3.1. The ball movement pattern is shown using solid arrows. Two of the 
milling modes (Figure 3.1a and Figure 3.1b) are conducted without the presence of the 
external magnet. The rotation of the vial at a rate of 360 rpm (Figure 3.1a) causes four balls 
to roll back and forth at the bottom of the vial (milling mode A). This milling mode involves 
processing of the powder by shear force only, and is similar to the low energy, low rotation 
frequency mode described by Calka and Radlinsky [192] (Figure 2b in [192]) but the shear 
force in our case is weaker as an optional external magnet at the bottom of the vial is not 
used. The second milling mode is caused by the rotation of the vial at a rate of 75 rpm 
(milling mode B, Figure 3.1b). In this mode the ball movement pattern involves not only 
rolling of balls at the bottom of the vial but also occasional weak impacts. The rightmost ball  
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Figure 3.1 A schematic representation of the ball milling device and the four ball milling 
modes used in this study: (a, b, c, d) ball milling modes A, B, C and D. The ball milling 
modes A and B do not involve an external magnet. The ball milling modes C and D are using 
an external magnet at two different positions (45 and 135o in respect to the vertical direction) 
and are capable of creating strong ball impacts in the mill. 
 
is getting released from time to time and slides along the sides of the other three balls before 
hitting the opposite wall of the vial. The video clips portraying the patterns of ball movement 
in milling modes A and B are shown in the supporting information (Video A and Video B) 
[194]. 
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 The other two ball milling modes involve strong ball impact caused by the installation 
of a magnet outside of the vial. The ball movement patterns corresponding to the presence of 
a magnet at either 45o or 135o position in respect to the vertical direction and the milling 
vial’s constant rotation speed of 160 rpm are shown in Figure 3.1c and d. When the magnet is 
installed at a 45o position (milling mode C, Figure 3.1c), the balls are elevated along the left 
wall of the rotating vial and fall towards the bottom of it, creating impacts with each other 
and the bottom of the vial. This milling mode is close to the high-energy, two points of 
equilibrium mode described by Calka and Radlinsky (Figure 2c in [192]). When the magnet 
is installed 135o position (milling mode D, Figure 3.1d), three balls appear to be localised 
near the magnet while the remaining ball is rolling at the bottom of the vial. The balls 
adjacent to the magnet periodically fall onto the wall of the vial creating strong impact with 
the wall while they do not collide with each other much during their movement. In addition to 
the presence of ball-to-ball and ball-to-wall impact, some processing by shear mode is also 
expected during the milling modes C and D. The video clips regarding the movement of balls 
can be seen from the video C and video D in the supporting information [194].  
 The as synthesised Sb-C composite were characterised using XRD, EFTEM, and 
high-angle annular dark-field (HAADF) microscopy. Raman spectroscopy measurements 
were done using a Renishawin Via micro-spectroscopic system. The laser used had a 
wavelength of 514 nm. The power was 0.5 mW to prevent the laser damage of the material. 
20X lens was used in the test. 
 To test the electrochemical performance, Sb-carbon composite was mixed with Super 
P LiTM carbon black and CMC binder (weight ratio of 80:10:10) in de-ionised water to form a 
homogenous slurry. The slurry in each case was coated onto copper foils and the coated 
electrodes were dried in vacuum at 90°C overnight. The electrodes were then pressed using 
stainless a steel metal disc to enhance the contact between the material and the Cu foil. The 
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size of the prepared electrodes was 1 × 1 cm2. Li foil was used as counter electrode and a 
microporus polyethene film was used as separator in Li-ion half-cell. The commercial 
electrolyte with 1M LiPF6 in a mixture of ethtylene carbonate (EC), dimethyl carbonate 
(DMC), diethyl carbonate (DEC) with a volume ratio of 1:1:1 was used.The cells were 
galvanostatically charged-discharged at suitable current rates between 2.0 and 0.01 V vs. 
Li/Li+ using LAND battery system. The total weight of the electrode was 1.07-1.11 mg cm-2 
(including the weight of a nanocomposite, Super P LiTM carbon black and the binder) for the 
comparative tests of the composite samples obtained from four different ball milling modes 
and 1.35 mg cm-2 for the rate capability test. 
 Ex-situ XRD were performed on the charged and the discharged cells. The cells were 
disassembled from the coin cells inside the Ar filled glove box. The extracted electrodes were 
washed with DMC (anhydrous, Sigma Aldrich) before taking them out of the box.  
3.3 Results and discussion 
3.3.1 Effect of the ball milling mode on the structure of Sb-carbon composites 
 Figure 3.2 shows the XRD patterns of the original Sb powder and the four Sb-carbon 
composites prepared by ball milling. Most of the visible peaks in all patterns belong to the 
antimony phase (JCPDS no 01-085-1324). Figure 3.2a shows the XRD pattern of the pure Sb 
material with a set of strong peaks indexed in accordance with the standard diffraction card. 
The XRD patterns of the composites prepared using the ball milling modes A and B are 
shown in Figure 3.2b and Figure 3.2c. It is obvious that there are no dramatic structural 
changes in the Sb phase in these two composites as the patterns still show well-pronounced 
sets of narrow and sharp diffraction peaks of Sb. Meanwhile, there is a change in the intensity 
ratios of the (104) and (110) peaks of antimony in Figure 3.2 (a to c). This might be due to 
the preferential shape and lattice defects, which are induced in the Sb particles during milling. 
In addition to the Sb peaks, a single weak and broad (002) peak of graphite is also visible in 
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the patterns (labelled with a “star” symbol in Figure 3.2b and 3.2c). Other diffraction peaks of 
graphite are not visible. This type of pattern indicates that some long-range graphitic structure 
still remains in these samples while, at the same time, significant structural modification and 
disordering of graphite was introduced by the ball milling process. Hence, ball milling 
conducted in modes A and B does alter the structure of the graphitic component while does 
not affect the Sb phase to a significant extent. 
 The XRD patterns from the composite samples obtained in the ball milling modes C 
and D are quite different (Figure 3.2d and Figure 3.2e). The (002) graphitic peak is no longer 
observed, indicating that the long-range graphitic structure is lost in these samples. At the 
same time, the diffraction peaks of the Sb phase have low intensity in respect to the noise 
level and are significantly broadened, highlighting a small crystallite size of Sb. For example, 
the crystallite size of 15.5 nm was estimated from the width of the (012) peaks using the 
Scherrer equation in the composite prepared by the ball milling mode D. In addition, the 
diffraction patterns in Figure 3.2d and 3.2e show new broad low-intensity features located 
within the ranges of 25-35 of 38-55 degrees. Simultaneously, the intensity of (003) peak of 
Sb was negligible, due to the structure disordering induced by high impact during milling.  
Further, in-depth discussion of the structural features of the composite prepared using the ball 
milling mode D is presented in the next section of this chapter. Hence, the ball milling modes 
involving the strong impact (C and D) lead to the significant changes in the structural features 
of the composites while the ball milling modes A and B (shear action with and without the 
presence of weak ball impacts) alter the graphitic component of the composite only and do 
not seem to modify the Sb component of the composite much. 
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Figure 3.2 X-ray diffraction patterns of an Sb powder and the nanocomposites: (a) pure Sb; 
(b, c, d, e) Sb-carbon nanocomposites prepared using ball milling modes A, B, C and D. The 
diffraction peaks of the Sb phase are indexed and the position of the (002) peak of graphite is 
marked with a star symbol. 
 
3.3.2 Electrochemical performance of Sb-carbon composites prepared using different 
milling modes 
 The electrochemical performance of the four Sb-carbon composites is shown in 
Figure 3.3. The testing was performed for 100 cycles using galvanostatic discharge-charge 
technique at a current rate of 0.4C (230 mA g-1). In order to estimate the theoretical capacity 
of the composites and select appropriate C-rates, we used the theoretical values for Sb and 
graphite (660 and 372 mAh g-1, respectively) as references. Assuming that the lithium 
incorporation in the composite happens via the conventional mechanisms for Sb and graphite, 
the theoretical capacity calculation for a Sb-graphite mixture with a 7:3 weight ratio equals 
573.6 mAhg-1 ( as follows in equation 3.1).  
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Theoretical capacity of Sb-C (7:3 ratio) = 0.7*660 + 0.3*372 = 573.6 mAh g-1  (3.1) 
 The level of this theoretical capacity is shown as a bold interrupted line in all graphs 
in Figure 3.3. The level of the highest discharge capacity demonstrated by each composite is 
also shown with dotted lines in each graph. Capacity retention after 100 cycles is compared, 
and the capacity drop in respect to both the theoretical capacity and the highest discharge 
capacity is shown on the graphs. The composites obtained using ball milling modes A and B 
generally show deteriorating cyclic behaviour (Figure 3.3a and Figure 3.3b). The electrodes 
show low capacity during the first cycle. This might be due to two possible reasons; during 
pressing there may be deformation of the electrode and the other might be the soaking time of 
the electrode with electrolyte (i.e. resting period of the cell). Meanwhile, the unpressed 
phosphorus electrode in the chapter 5 shows high capacity during the first cycle. The 
composite prepared by the ball milling mode A shows the highest capacities (both discharge 
and charge ones) in the fourth cycle, with the highest value of the discharge capacity being 
571 mAh g-1. The corresponding electrode loses 27% of the highest discharge capacity (and 
shows 72.7% of the theoretical capacity of a mixture of Sb and graphite) after 99 cycles. The 
highest discharge capacity for the composite obtained by the ball milling mode B is 437 mAh 
g-1 in the second cycle, and only 46% of this capacity is retained after 100 cycles (Figure 
3.3a). This represents approximately 35.1% of the theoretical capacity of the mixture of Sb 
and graphite. The ball milling mode B displays the deteriorating cyclic performance 
compared with the ball milling mode A. Ball milling mode A exerts a high shearing effect on 
the Sb particles due to the higher milling speed. This might disperse the Sb particles inside 
graphite. Moreover, the graphite material loses most of its crystallinity, which can be seen 
from Figure 3.2b. Meanwhile, the ball milling mode B exerts a low shearing force along with 
an occasional impact on the powders, which are not sufficient to disperse Sb in graphite. 
Furthermore, among all the ball milling modes, graphitic structure was mostly retained in the 
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mode B, which further states that the graphitic structure exists predominantly and Sb particles 
are not dispersed uniformly in the composite. Nevertheless, the composites produced by 
milling modes A and B exhibit a deteriorating cyclic performance which is attributed to the 
large size of the Sb particles remaining in the structure.  During the lithiation and delithiation 
processes these particles cannot cope with the volume expansion and associated stress and, as 
a result, the electrodes gradually disintegrate. 
 The cyclic behaviour of the two composites produced by the ball milling modes 
involving strong ball impacts (C and D) is significantly better, with well-preserved 
electrochemical reactivity with lithium after 100 cycles. The highest discharge capacity for  
 
Figure 3.3 The plots of discharge and charge capacities vs. cycle number for the electrodes 
prepared from the nanocomposites synthesised using (a) ball milling mode A, (b) ball milling 
mode B, (c) ball milling mode C, and (d) ball milling mode D. The test was conducted in the 
potential range of 2.0–0.01 vs. Li/Li+ at a current rate of 0.4C (230 mA g-1). 
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the sample prepared using the ball milling mode C is 610 mAh g-1 (during the fifth cycle), 
and the sample retains about 82.6% of its maximal discharge capacity (and 88% of theoretical 
capacity) at the end of 100 cycles (Figure 3.3c). The composite prepared using the ball 
milling D (Figure 3.3d) shows the initial discharge and charge capacities of 612 and 428 mAh 
g-1, respectively. The sample loses about 12% of the initial discharge capacity after 100 
cycles. Importantly, the capacity value after 100 cycles represents 94.3% of the theoretical 
capacity still retained after this extended number of cycles. The structure and good 
electrochemical performance of the composite samples prepared using the ball milling modes 
C and D are obviously of interest for further investigation. Therefore, the structural 
characteristics and operating mechanism of the sample prepared by the ball milling mode D 
are further discussed in the next section 3.3.3. 
 The results of additional electrochemical characterisation of the nanocomposite 
prepared using ball milling mode D are shown in Figure 3.4. Figure 3.4a shows the 
dependency of the discharge capacity and the Coulombic efficiency of the electrode on the 
cycle number in the course of an extended cycling for 250 cycles. The Coulombic efficiency 
of the first cycle was approximately 70% (a discharge capacity of 612 mAh g-1 and a charge 
capacity of 428.6 mAh g-1) but quickly reached 98% in the fifth cycle and stayed above that 
level until the completion of the experiment. The discharge capacity stabilised at the level of 
550 mAh g-1 and stayed around this value with minor fluctuations until the end of the 
experiment (250 cycles). The discharge and charge profiles are shown in Figure 3.4b. As it 
follows from the Figure 3.4b, the discharge and charge curves retain the same shape and are 
situated within a narrow band of lines for 250 cycles. The minor fluctuations in the capacities 
are due to the subtle variations of temperature in our laboratory during the test. 
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Figure 3.4 Additional electrochemical characterisation of the Sb-carbon nanocomposite 
prepared using ball milling mode D (strong ball impact): (a) discharge capacity and 
Coulombic efficiency vs. cycle number at a 0.4C current rate (230 mA g-1), total material 
loading of 1.1 mg cm-2; (b) discharge and charge profiles for various cycles from the same 
test; (c) charge and discharge capacities obtained at varied current rates, total material loading 
in the electrode of 1.35 mg cm-2; (d) discharge and charge capacities vs. cycle number in a 
thicker electrode, total material loading of 2.5 mg cm-2. Levels of the theoretical capacity and 
the highest discharge capacity are also indicated in (d). 
 
 A separate coin cell (electrode’s material loading of ~1.35 mg cm-2) was used to test 
the rate capability of the nanocomposite and the results are shown in Figure 3.4c. The current 
rate was sequentially set to 0.2C, 0.4C, 1C, 2C and 4C (that is, 115, 230, 575, 1150 and 2300 
mA g-1,  respectively). The cell was discharged and charged five times at each current rate, 
and the capacities were recorded from the fifth cycle at each current rate. The discharge 
capacities obtained were 595, 547, 498, 424 and 317 mAh g-1, respectively. Importantly, the 
material is able to demonstrate a capacity exceeding the theoretical capacity of graphite at a 
high current rate of 1.15 A g-1. To complete the experiment, the current rate was returned to 
0.2C for five cycles and a capacity of 589 mAh g-1 was measured in the last cycle, indicating 
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that the variation of the current rates during the test did not noticeably alter the capacity of 
the nanocomposite.  
 Since the initial electrochemical testing was performed in a rather thin electrode 
(material loading of ~1.1 mg cm-2), its performance may not reflect that of thicker, “real life” 
electrodes. For that reason, an additional cyclic stability test have been conducted using a 
thicker electrode with the material loading of ~2.5 mg cm-2 and the same specific current 
density. The results are shown in Figure 3.4d. The capacity of this thicker electrode is 
somewhat lower and stabilises at the level of approximately 500 mAh g-1 between 50th and 
120th cycles. The capacity recorded in the 100th cycle was approximately 85% of the 
theoretical capacity and 88% of the maximum discharge capacity (recorded in the third 
cycle). The capacity starts to deteriorate after 120 cycles, indicating that the overall 
performance of the Sb-carbon nanocomposite can be sensitive to the level of material loading 
in the electrode. Approximately 75% of theoretical capacity was measured in this electrode 
after 200 cycles. The performance is attractive for an electrode material that participates in an 
alloying reaction with lithium and experiences significant volume change. The cyclic 
stabilities of other alloying anodes studied previously are as follows. Sn/carbon fibre 
composites have exhibited a reversible capacity of 648 mAh g-1 at a current rate of 0.5 C and 
retained 84% of the theoretical capacity after 140 cycles [195]. Silicon/carbon nanowire 
composite electrodes have displayed a reversible capacity of 2510 mAh g-1 at a current rate of 
0.2 C (840 mA g-1) and retained 59.6% of the theoretical capacity at the end of 100 cycles 
[196]. Ge nanowires coated with amorphous carbon have exhibited a reversible capacity of 
1088 mAh g-1 (67.8% of the theoretical capacity)  at a current rate of 0.5 C (800 mA g-1)  after 
200 cycles [197].  
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3.3.3 Structural characteristics and operating mechanism of the nanocomposite 
 The phase composition and the structure of the nanocomposite (prepared using ball 
milling mode D) were further evaluated by an additional analysis of the XRD pattern, Raman 
spectroscopy, dark-field STEM and EFTEM. Figure 3.5a shows the magnified XRD pattern 
of the nanocomposite. All visible peaks in the pattern belong to Sb (JCPDS no 01-085-1324), 
and the average Sb crystallite size calculated using Scherrer equation is 15.5 nm. The absence 
of the graphitic peaks indicates that the long-range crystalline order in the graphitic 
component is essentially lost in the nanocomposite after ball milling. In addition to the 
pronounced diffraction peaks of Sb, two broad features located at 24-36o and 43-55o can also 
be seen in the pattern, highlighting the presence of an additional amorphous phase. One 
possible explanation for this amorphous phase can be the presence of tiny clusters of Sb with 
a much smaller size than that of the typical Sb nanoparticles in the sample. An alternative 
explanation is the presence of amorphous antimony oxide. A pattern with a similar broad 
feature around the position of the (012) peak of Sb was previously described by Yang et al. 
[198] for Sb-based nanoparticles. These authors have assigned the phase to the amorphous 
antimony oxide and were able to confirm this assignment via post annealing in an Ar flow. 
After the annealing the amorphous phase was converted into a mixture of Sb2O3 and Sb in 
their experiment [198]. A similar post-synthesis annealing experiment was conducted and the 
XRD pattern of the material after annealing is shown in Figure 3.5b. Indeed, the intensity of 
the amorphous features was significantly reduced and, instead, two families of Sb and Sb2O3 
peaks were observed. The broad amorphous peaks visible in Figure 3.5a may belong to an 
amorphous antimony oxide and form as a result of the exposure of the sample to air. In either 
case, as it is demonstrated later, the amorphous phase is electrochemically active and is 
capable of reacting with lithium. 
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Figure 3.5 X-ray diffraction pattern (a), X-ray diffraction pattern of the ball milled composite 
annealed at 250˚ C for 1 hour in argon atmosphere (b) and a Raman spectrum (c) of the Sb-
carbon nanocomposite prepared using ball milling mode D.The diffraction peaks of the Sb 
phase are indexed and the positions of the Sb2O3 peaks are marked with a star symbol. 
Chapter 3 
 
86 
 
 Figure 3.5b shows the Raman spectra of a sample of commercial graphite and the 
nanocomposite. Three typical bands, D band (1369 cm-1), G band (1581 cm-1) and 2D band 
(2728 cm-1), [199] can be seen in the spectrum of the commercial graphite. G band is the E2g 
vibration mode, which corresponds to the relative motion of sp2 carbon atoms. D band 
represents the A1g ring-breathing mode of the aromatic six-member ring system of graphite; 
the latter band is however symmetrically forbidden in the perfect graphitic structure and 
arises due to the contribution from defect and boundary sites[200]. Because of the nature of 
the G and D bands, the relative intensity ID/IG is widely used as an indication of the degree of 
disordering in graphite. 2D band is the overtone of D band. The D and G bands still exist in 
the spectrum of the nanocomposite after ball milling, while the 2D band is too wide and not 
distinguishable. As the nanocomposite also contains antimony, there is an additional A1g band 
from the Sb phase at about 149 cm-1 [201]. The graphitic ID/IG ratio in the nanocomposite is 
above 1, much higher than that in the commercial graphite (0.16). At the same time, both D 
and G bands are significantly broadened in respect to those of the commercial graphite. This 
type of a Raman fingerprint indicates a disordered graphitic structure [202, 203]. The Raman 
result complements the XRD data. It is clear that, although the long-range graphitic order is 
significantly lost in the nanocomposite (no visible graphitic peaks in the XRD pattern), short-
range graphitic structure still remains in the material.The high intensity of D band in the 
Raman spectrum confirms the presence of the graphitic ring structure in the sample. 
 The structure of the nanocomposite was visualised using TEM. A HAADF STEM 
image is shown in Figure 3.6. The advantage of the HAADF technique is its good sensitivity 
to the average atomic numbers. As a result, areas with heavier elements tend to have much 
brighter contrast in this type of images while areas with lighter elements (such as carbon) 
appear to have less pronounced, darker contrast. Indeed, Figure 3.6 presents a larger number  
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Figure 3.6 A high-angle annular dark-field (HAADF) STEM image of the nanocomposite. As 
a result of the sensitivity of the contrast to the atomic number Z, Sb nanoparticles dispersed 
in carbon material are visible as bright spots. 
 
of bright spots with a typical diameter below 10 nm surrounded by the material producing 
only weak contrast in the image. That corresponds to the nanocomposite consisting of Sb 
nanoparticles dispersed (quite homogeneously) in the carbon component. Micro-sized 
aggregates of Si nanoparticles and carbon with similar structure were recently reported to 
have stable cyclic stability as anode materials of Li-ion batteries [204, 205]. 
 The structure was further confirmed by means of energy-filtered TEM. The EFTEM 
images are shown in Figure 3.7, including an elastic bright-field image (Figure 3.7a) and an 
overlay of energy-filtered elemental maps of carbon and antimony (Figure 3.7b). The 
distribution of the Sb element is shown in blue while the distribution of the C element is 
shown in yellow. As it can be seen from Figure 3.7b, numerous Sb-containing nanoparticles 
with the characteristic sizes of 5-15 nm are distributed within the large particle of the 
nanocomposite depicted in Figure 3.7. The distribution of the Sb-containing nanoparticles is 
in a good correlation with the areas of darker contrast in the bright-field image (Figure 3.7a). 
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Figure 3.7 Energy-filtered TEM images of a typical particle in the nanocomposite: (a) an 
elastic bright-field image; (b) an overlay of energy-filtered elemental maps of carbon and Sb 
(colour scheme: C – yellow; Sb - blue). Note the correlation between the distribution of Sb 
particles in the elemental map (b) and the areas with darker contrast in (a). 
 
  XRD patterns of an unused electrode containing Sb-carbon nanocomposite as well as 
the patterns of the electrodes after the discharge and charge in the first and fourth cycles are 
shown in Figure 3.8. Three strong Cu peaks visible in Figure 3.8 come from the copper 
current collectors. The pattern of the fresh electrode (Figure 3.8a) shows the peaks 
corresponding to the Sb phase as well as a broad diffuse feature at about 24-36o that we 
attribute to the presence of an amorphous antimony oxide or tiny Sb clusters in the sample. 
Ex-situ XRD patterns in Figure 3.8b, c, d and e demonstrate the reversible formation of the 
Li3Sb phase (JCPS 03-065-3011) upon the discharge of the cell to 0.01 V vs. Li/Li+. This 
phase forms after the discharge on both the first and fourth cycles and converts back to Sb 
after the charge of the cell in both cycles. The results are in line with the previously observed 
similar reversible phase changes on charge and discharge for Sb-carbon nanocomposites 
[190]. Sb peaks became broader and less intense with cycling at the end of fourth charge 
(Figure 4e). Sb is a brittle material and during cycling Sb nanoparticles might further break  
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Figure 3.8 Ex-situ X-ray diffraction patterns of the electrodes containing the Sb-carbon 
nanocomposite: (a) fresh unused electrode; (b) after the first discharge to 0.01 V vs. Li/Li+; 
(c) after the first charge to 2 V vs. Li/Li+; (d) after the fourth discharge; (e) after the fourth 
charge. 
 
down due to enormous volume expansion and contraction. Hence, the capacity of the 
electrode decreases during the first few cycles and remains stable thereafter. This can be 
concluded from the the charge-discharge profile of the electrode where it retains the same 
shape over extended cycling. It is also interesting to note that the amorphous phase is also 
electrochemically active, and this may be a common phenomenon in ball milled Sb-carbon 
composite electrodes, including those reported previously [117, 127]. It appears that the 
presence of this amorphous phase is a common feature of all the samples, and it is practically 
important to understand its electrochemical reactivity with lithium.The ex-situ X-ray data 
(Figure 3.8) indicate that the amorphous phase is electrochemically active and can store 
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lithium reversibly. Indeed, the broad hump at 24-36° is present in the original (unused 
electrode) and in the electrodes after charging of the cell in the first and the fourth cycles 
(Figure 3.8a, c, e). At the same time, this feature is absent in the XRD patterns of the 
electrodes after the discharge of the cell in the first and fourth cycles (Figure 3.8b, d). It is 
concluded that the amorphous phase present in the sample reacts with lithium in a reversible 
manner during the cell operation. 
3.4 Conclusion 
In this chapter, a reconfigurable magneto-ball mill was used to evaluate the influence 
of various ball milling modes on the structure and electrochemical properties of Sb-carbon 
nanocomposites. The nanocomposites synthesised are active-active composites, i.e. both the 
Sb and carbon components participate in the lithium storage, which leads to a higher 
capacity. Four milling modes involving shear action only, shear action with an occasional 
weak impact as well as two milling modes with strong ball impact were evaluated. The ball 
milling modes without a ball impact or with a weak impact modify the structure of the carbon 
component significantly but do not affect the Sb component to a large extent. This results in 
an inferior performance of the resulting Sb-carbon nanocomposite and the significant drop in 
the capacity over multiple cycles. In contrast, if a ball milling mode involves strong ball 
impacts, the crystallite size of Sb is significantly reduced and a stable electrochemical 
performance can be obtained from a nanocomposite electrode.  
 An electrode based on the optimal Sb-carbon nanocomposite, mode D, can exhibit 
attractive cyclic performance, which is sensitive to the electrode’s thickness. A thinner 
electrode (~1 mg cm-2 material loading) exhibits outstanding stability for 250 cycles, 
displaying a steady capacity of 550 mAh g-1 at a current rate of 230 mA g-1. Furthermore, a 
capacity of ~400 mAh g-1 is retained at a current rate of 1.15 A g-1. A thicker electrode (2.5 
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mg cm-2) displays some capacity fade after 200 cycles. The attractive cyclic performance is 
related to the structure of the nanocomposite.  
 Sb nanoparticles with typical sizes of 5-15 nm (TEM data) are homogeneously 
dispersed in the carbon component. The Sb nanoparticles are oxidised upon exposure to air, 
and amorphous antimony oxide is present in the sample. The carbon component does not 
possess a long-range graphitic structure (absence of graphitic peaks in XRD) after ball 
milling but still retains a local short-range graphitic environment in the composite, producing 
typical D and G bands in a Raman spectroscopy test. Although it is difficult to define how 
lithium is stored exactly in the ball milled carbon component at this stage, there are grounds 
to propose that at least some of that storage happens via lithium intercalation between the 
layers, similarly to the classical intercalation mechanism in graphite. Indeed, the capacities 
demonstrated by the composites prepared using ball milling modes C and D are close to the 
theoretical capacity of a combination of Sb and graphite mixed in the same ratio of 
components, which may be an indirect evidence of such a mechanism. Nevertheless, the  
exact mechanism of lithium reactivity with the carbon component is not known and 
speculative. This needs to be investigated further. Ex-situ XRD reveals Sb, antimony oxide 
and carbon components contribute to the charge storage. Sb reversibly transforms into Li3Sb 
during the cell operation. 
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Chapter 4 Effect of the antimony to carbon ratio on 
the electrochemical performance of Sb-C composites 
and their charge storage mechanism in Li-ion and 
Na-ion batteries 
4.1 Introduction 
 As discussed in Chapter 1, the alloying materials undergo huge volume change during 
charging and discharging, which results in pulverisation and cracking of the electrode and 
leads to detachment of the electrode from the copper substrate. Hence, an electrode made of 
pure alloy based materials loses its storage capacity within a few cycles [206-210]. Inorder to 
improve the performance of the electrode, such as capacity retention and cycling stability, the 
alloying materials are mixed with carbon to produce an alloy-carbon composite. The carbon 
increases the electronic conductivity and acts as a buffer matrix during cycling that leads to 
the enhanced cyclic stability of the electrode. Sb are mixed with various types of carbon such 
as multiwall carbon nanotubes (MWCNT) [134], graphite [211], Super P carbon black [110, 
127], carbon nanofibers [132] to prepare an electrode. An Sb/super P composite with the ratio 
of 7:3 prepared using ball milling and cycled it against Li metal in a half cell. The electrode 
showed a capacity of 650 mAh g-1 during the second cycle, but the electrode showed a steady 
decline in capacity during the extended cycling period. The electrode retained a capacity of 
100 mAh g-1 at the end of 100 cycles [110]. The poor cycling performance of the electrode is 
associated with the change in the volume of Sb during cycling. Sb-C nanofiber, prepared 
using the electrospinning technique with 35% of Sb in the composite, showed an initial 
sodiation capacity of 495 mAh g-1 and retained 446 mAh g-1 at the end of 400 cycles [212]. 
Similarly, Sb/G (1:4 ratio) composite synthesised using the chemical method displayed a 
stable capacity of 420 mAh g-1 over a period of 35 cycles in Li-ion half-cell [211]. The 
reduction of Sb content in the composite enhances the cyclic stability of the electrode, since 
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the increase in carbon content induces a greater bufering effect on the matrix and helps to 
maintain the integrity of the electrode. Sb-C composites with different Sb ratios, such as 66% 
and 34%, were tested electrochemically in Li-ion batteries. Sb-C composite containing 66% 
of Sb was labelled as Sb-C 1 whereas the composite containing 34% of Sb was labelled as 
Sb-C 2. The size of the Sb particles in the Sb-C 2 composites are around 10-25 nm whereas 
in Sb-C 1 they are around 50 nm. Sb-C 1 composite exhibited a capacity around 500 mAh g-1 
in the second cycle whereas Sb-C 2 composite displayed a capacity of only 250 mAh g-1 
during the same cycle. The electrode prepared from Sb-C 2 composite exhibited better cyclic 
stability and the capacity retention was almost twice that of Sb-C 1at the end of 100 cycles 
[131]. The size of the antimony particles was reduced with the decrease of the Sb content in 
the composite. The enhanced capacity retention of Sb-C 1 was due to the combination of the 
small particle size of Sb and the increase in the carbon content [211]. The reductionof the Sb 
content in the composite decreases the overall capacity, but increases the cyclic stability, of 
the electrode. The literature shows researchers used different Sb to C ratios inorder to 
increase the electrochemical performance, cycling stability and rate performance of the 
electrode. There is no systematic study of the ratio of Sb in the Sb/C composite required to 
obtain a reasonable capacity from the electrode and with excellent capacity retention. 
 Li alloys electrochemically with Sb to form Li3Sb phase at the end of lithiation 
process. Similarly, Na alloys electrochemically with Sb to form Na3Sb phase. Sb is one of the 
few elements that alloys electrochemically with Na and, hence, it is very important to 
understand the charge storage mechanism in the Sb. Qian et al. [127] stated that Na alloys 
with Sb to form Na3Sb at the end of discharge. The ex-situ XRD pattern taken on the 
electrode at 0.01 V does not show any Na3Sb peaks. Sb peaks disappeared at the end of 
sodiation and the electrode exhibited a capacity of 624 mAh g-1. Hence, the authors 
concluded Sb transforms to Na3Sb at the end of the discharge [127]. Darwiche et al. [124] 
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analysed the storage mechanism in bulk Sb through the in-situ XRD technique and reported 
that Na alloys with Sb through a three step process. Sb initally intakes 1.5 atoms of Na to 
form an intermediate phase NaxSb which closely resembles the NaSb phase. Upon further 
sodiation, it transforms to a Na3Sb phase that consists of a mixture of cubic-hexagonal 
structure and finally transforms to hexagonal Na3Sb at the end of complete discharge. The 
electrode, during de-sodiaton, transforms from Na3Sb to amorphous Sb without any 
intermediate phase [124]. The bulk Sb particles show a flat charge-discharge plateau profile 
whereas Sb nanoparticles exhibit a slanty charge-discharge profile. The change in the cycling 
curve profile may be attributed to the different charge storage mechanism in the Sb 
nanoparticles. Hence, to find the exact reason behind different charge-discharge profile 
behaviour, the mechanism of the alloying process for different crystalline samples should, 
therefore, be studied in detail. 
 In this chapter, the influence of the weight ratio of components on the electrochemical 
performance and charge storage mechanism in lithium and sodium cells is evaluated. Sb-C 
carbon composites with different contents of antimony and carbon are synthesised using a 
magneto ball mill. The milling of the Sb-C mixtures with different weight ratios results in 
different sized Sb particles in the composites. XRD, SEM and TEM are used to study the 
structure and morphology of the composites. The electrochemical properties of Sb-C 
composites with different weight ratios of composites are presented for both lithium and 
sodium half-cells. The results of the in-situ synchrotron XRD used to probe the reaction 
mechanisms in sodium half-cells are also presented. It is found that the particle size has a 
significant influence on the cyclic stability of the electrodes. 
4.2 Experimental 
 Antimony (325 mesh, 99.5% purity, Johnson Matthey Electronics) and graphite 
(Sigma Aldrich, 282863, <20m) powders of approximately 5 g were mixed,with a weight 
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ratio varying from 50:50 to 90:10, in a magneto-ball mill using four stainless steel balls (25.4 
mm in diameter). The milling was performed under argon atmosphere at the pressure of 100 
kPa in the presence of an external magnet located at 135 degree in respect to its vertical 
position  [213]. The sample mixture was milled for a constant period of 100 hrs. The results 
obtained from chapter 3 showed that the milling mode C displayed stable cycling 
performance in comparison with other ball milling modes. The milled Sb-C composite 
powders were removed from the container in a glove box filled with argon gas. 
 The synthesised Sb-C composites were characterised using XRD, SEM, TEM and 
STEM. The particle size distribution for the Sb-C composite was measured using a Malvern 
Zetasizer Nano instrument. In order to test the electrochemical performance, Sb-C composite 
powders were mixed with super P LiTM carbon black and CMC binder (in a weight ratio of 
80:10:10) in de-ionised water to form a homogenous slurry. The slurry was then coated onto 
a copper foil substrate and heated in a vacuum overnight at 90˚C. The weights of active 
materials in the electrodes were between 1.24 mg and 1.48 mg. Li and Na metals were used 
as counter electrodes in lithium and sodium half-cells, respectively. The electrolyte for 
lithium half-cells was 1M LiPF6 in a 1:1:1 (by volume) mixture of EC, DEC and DMC. The 
electrolyte for sodium half-cells was 1M NaClO4 in propylene carbonate (PC) with 2 vol.% 
fluroethylene carbonate (FEC) additive. Polyethene separators (MTI Corp., USA) and 
Whatmann GF/F microfibre glass separators (Sigma Aldrich) were used for the lithium and 
sodium cells, respectively. The cells were galvanostatically charged-discharged between 
0.01-2.0 V vs Li/Li+ and Na/Na+ using a LAND battery testing system. 
 In-situ synchrotron powder diffraction was collected from the Sb-C composite 
electrodes (the samples with 8:2 and 7:3 antimony to carbon ratios) during their charge and 
discharge in sodium half-cells. Ex-situ synchrotron powder diffraction patterns were 
collected from the Sb-C composite with an 8:2 weight ratio of components. SEM images of 
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the Sb-C composite electrodes were collected on the electrodes from sodium-ion half-cells 
after the first charge. The electrodes for imaging were extracted from coin cells inside an Ar-
filled glove box. 
4.3 Results and Discussion 
4.3.1 Structural characterisation 
 Figure 4.1 shows the XRD patterns of pure Sb and Sb-C composite powders with 
different Sb to C composition ratios. The diffracted peaks of pure Sb (Figure 4a) were 
indexed as antimony with rhombohedral crystal symmetry (JCPDS no 01-085-1324). The 
composite, with different composition ratios, is shown in Figure 4.1(b-f). Figure 4.1b and 
4.1c show all the peaks of Sb up to 70º where the peaks at the higher angle merged together. 
Figure 4.1d and 4.1e show that the  peak intensity of Sb begins to decrease, and the peak 
broadening indicates the crystal size of antimony progressively decreases as the ratio of the 
Sb in the composite decreases. Furthermore, the broad diffuse peak observed in the range of 
24-36˚ indicates the amorphosity of Sb in the sample along with the presence of amorphous 
particles of  Sb2O3. A similar broad hump feature near the (012) peak was observed by Yang 
et al. [198] and they confirmed the presence of small traces of Sb2O3 in the composite by 
post-annealing the synthesised Sb-C composite in the presence of Ar gas. The presence of 
amorphous Sb2O3 was also confirmed by post-annealing the Sb-C:7-3 sample at 250 ºC in the 
presence of Ar gas (see Figure 3.5b in Chapter 3). The absence of all the peaks and the 
occurrence of two diffused amorphous peaks in Figure 4.1f indicates that the Sb in the 
composite is amorphised. The absence of a graphite peak in the XRD patterns obtained from 
different composite ratios (Figure 4(b-f)) indicates the long range graphitic order has been 
broken down completely during ball milling. The graphitic peaks were absent in the 
composites prepared using ball milling under similar conditions [194]. Graphite is flaky in  
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Figure 4.1 X-ray diffraction pattern of pure Sb and its composite with different mixture ratios 
(a) pure Sb and (b, c, d, e, f)Sb-C composite prepared with different mixture ratio such as Sb-
C: 9-1, Sb-C:8-2, Sb-C:7-3, Sb-C:6-4 and Sb-C:5-5, respectively. 
 
nature, low density and lightweight  material, and in contrast Sb is a heavy material. As the 
ratio of graphite in the composite increases, the total volume of the mixture loaded into the 
ball milling container also increases. In this ball milling mode, the external magnet is placed 
at a 135˚ position in respect to its vertical position. Three stainless steel balls are localised 
near the magnet, which moves in a circular path and strikes against the walls of the vial 
creating an impact. The remaining ball rolls at the bottom of the vial creating the shear force. 
The increase in the total volume of mixture fills more space in the ball milling container 
which could, in turn, increase the amount of powders trapped between the ball and the vial, 
thus creating an environment where the particle sizes are reduced to a greater extent. 
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Figure 4.2 Crystallite size of antimony in the composite for different component ratio.* Sb-
C:5-5 particle size is estimated using Scherrers formula. 
 
 The crystallite size of the Sb particles in the composite for different mixture ratios 
calculated using Scherer’s formula is shown in Figure 4.2. The size of the Sb crystallite 
shows a decrease with the decrease in the Sb precentage in the composite ratio. The size of 
the crystallite is around 48.7 nm and 33.1 nm for the Sb-C:9-1 and 8-2 samples, respectively. 
The crystallite size is reduced from approximately 15 nm to 1 nm as the Sb content in the 
composite is reduced from 70 to 50%. As the crystallite size of the particles is down to 1 nm, 
the crystallinity in the Sb particles no longer exists and they become amorphous, which 
corresponds exactly to their XRD pattern. 
 The Raman spectra of the samples with different Sb-C component ratios are shown in 
Figure 4.3. Two typical bands recorded at 110 cm-1 (Eg band), 145 cm-1 (A1g band) represent 
Sb in the composite [201, 214]. Further, there is a weak peak around 190 cm-1 and a broad 
peak between 230-290 cm-1 which represents the second order optical phonon band scattering 
2Eg and 2A1g of Sb [214]. The 2Eg and 2A1g peak broadens and shifts to the lower energy 
with the decrease of the Sb content in the composite. These characteristic features of the 
Raman spectra might be due to the decrease in the crystallite size of the antimony  
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Figure 4.3 Raman spectrum of Sb-C composite with different component ratio (a) Sb-C:9-1, 
(b)Sb-C:8-2, (c)Sb-C:7-3, (d) Sb-C:6-4 and (e) Sb-C:5-5 
 
particles in the composite. XRD also confirms the reduction in the size of the antimony 
particles with the decrease of its content in the composite. Two typical bands, D band (1369 
cm-1) and G band (1581 cm-1), are recorded in the commercial graphite spectrum, which can 
be seen in Figure 3.5 (chapter 3) [199]. The description of D and G bands has been clearly 
explained in chapter 3. The intensity of the D band increases with an increase in the carbon 
ratio, whereas the intensity of the G band is less than that of the D band. Hence, the ratio of 
ID/IG is always higher than 1, while the ID/IG of commercial graphite is 0.16. In addition, the 
width of both D and G band broadened with the increase in the carbon content (composite) 
which can be seen in Figure 4.3(a-e). These two features specifies the disordering of the 
graphitic structure. Further, the absence of graphite peaks in the XRD also confirms that the 
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graphite is in a highly disordered state [202, 203]. The presence of D and the G band indicate 
that the long range graphitic order is broken down but still there exists some short range 
graphitic order in the carbon. 
 The results of the TEM and high angle angular dark field (HAADF) analysis of Sb-C 
composites are shown in Figure 4.4. The SAED pattern is shown in the left hand column, 
while their corresponding HAADF images are shown in the right hand column. The white 
and black colour in the HAADF image represents the antimony and carbon, respectively. The 
electron diffraction pattern of the Sb-C:9-1 sample (Figure 4.4a) displays a large number of 
polycrystalline rings that correlates to Sb with the rhombohedral phase. The polycrystalline 
rings correspond to the (003), (012), (104), (110), (021), (202), (024), (211) and (122) lattice 
planes of Sb. In Figure 4.4b (HAADF), large chunks of antimony particles measuring 
between 30-60 nm can be seen. This further states that the Sb in the Sb-C:9-1 samples is 
crystalline in nature. The number of polycrystalline rings (Figure 4.4c) are reduced with the 
decrease in the size of particles. The nanocrystalline Sb-C:7-3 composite powders, consisting 
of polycrystalline rings along with diffused rings are indexed to the (012), (104), (110), (021) 
and (122) lattice planes of Sb. The transformation from the highly crystalline Sb-C:9-1 to 
reduced number of polycrystalline rings in the Sb-C:7-3 sample agrees well with the 
reduction in the particle size that can be visualised in their corresponding HAADF image. 
The particle size measured from Figure 4.4d is between 5-15 nm. In addition, the increase in 
the content of carbon in the composite to 50%, Sb-C:5-5, is shown in Figure 4.4(e and f). The 
diffused rings represent the amorphous nature of Sb in the Sb-C:5-5 composite powders. The 
HAADF image shows fine particles, white dots, are dispersed homogenously in the carbon 
matrix. The particles are very small and measure around ≤ 1 nm. The TEM and STEM results 
obtained are consistent with the results from the XRD. 
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Figure 4.4 TEM analysis of Sb-C composite with different component ratios (a, c, e) 
SAEDpattern of Sb-C:9-1, Sb-C:7-3 and Sb-C:5-5; (b, d, f) HAADF images of Sb-C:9-1, Sb-
C:7-3 and Sb-C:5-5; white colour represent Sb and the black colour between the white colour 
represent carbon. 
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Figure 4.5 The particle size measurement using a zetasiser nano instrument for Sb-C:5-5 
sample (a) and its corresponding SEM image (b) 
 
 Figure 4.5a shows the size of the composite particles in the Sb-C:5-5 powders vary 
between 20 nm to 500 nm. The majority of the composite particle sizes are around 150-230 
nm. The SEM image in Figure 4.5b shows that the size of the composite particles are not 
uniform and vary over a wide range; this seems to be consistent with the results obtained in 
Figure 4.5a. The size of the composite particles or chunks measured were around 150-250 nm 
along with the presence of small particles sitting over the bigger size particles. Antimony 
particles of 1 nm are uniformly embedded inside the bigger chunks. The ball milling 
technique produces composite particles of varied sizes rather than particles with uniform size. 
This might be due to some agglomeration of the composite particles during ball milling. 
Similar reports were reported by Xing et al. [215]. Analysing XRD, Raman and TEM clearly 
shows that the size of the Sb particles in the carbon composite decreases with the increase in 
the graphite percentage. The reduction in the size of the Sb particles is due to unique 
magneto-ball milling along with a greater volume of powder loaded into the container with 
the decrease in the Sb percentage in the composite. The influence of particle size and the 
effect of different Sb to C ratios on the electrochemical performance are  discussed in the 
next section. 
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4.3.2 Electrochemical performance of Sb-C composite in Li-ion battery 
 The electrochemical performance of Sb-C with different Sb ratios is shown in Figure 
4.6.  The electrodes were tested at a current rate of 250 mA g-1 between the potential window 
0.01-2.0 V. The theoretical capacity of the composite was calculated using the formula 
mentioned below: 
Theoretical capacity of the Sb-C composite = (%Sb X 660 + %C X 372)/100  (4.1) 
 The theoretical capacity of Sb-C composite prepared using different ratios such as 9-
1, 8-2, 7-3, 6-4 and 5-5 are 631.2, 602.4, 573.6, 544.8 and 516 mAh g-1, respectively. The 
theoretical capacity of the composites was shown in the bold line, while the highest discharge 
capacity was shown in the dotted line in Figure 4.6. The discharge capacity retention of  Sb-C 
of different component ratios were compared at the end of 250 cycles. Figure 4.6a shows the 
Sb-C:9-1 composite electrode shows the highest discharge capacity of 709.9 mAh g-1 in the 
third cycle. The electrode loses 96% of its highest discharge capacity (retains only 4.5% of 
the theoretical capacity) at the end of 250 cycles. The Sb-C:9-1 electrode shows a gradual 
decrease in capacity in the first 50 cycles. Upon further cycling, the electrode exhibits a steep 
decline in capacity from the 75th cycle and reaches almost 50 mAh g-1 at the end of 200th 
cycle. The Sb-C:8-2 composite electrode shows the highest discharge and charge capacities 
of 639.9 and 604 mAhg-1 in the second cycle (Figure 4.6b). The corresponding electrode 
retains 71.8% of the highest discharge capacity (loses 30% of the theoretical capacity) at the 
end of the 250th cycle. The electrode loses only 23.8% of the highest discharge capacity at the 
end of the 160th cycle. The electrode, upon further cycling, shows a steep decline in capacity 
and loses an additional 48.1% of the highest discharge capacity over the subsequent 90 
cycles. The large deterioration in capacity for the Sb-C:9-1 and 8-2 electrodes are attributed 
to the large size of the Sb particles dispersed in the carbon. The large Sb particles cannot 
withstand the stress associated with the huge volume change. This results in pulverisation of 
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Figure 4.6 The plots of charge-discharge capacities of Sb-C composite with different  
component ratios (a) Sb-C 10 (b) Sb-C 20 (c) Sb-C 30 (d) Sb-C 40 and Sb-C 50. The cycling 
was performed against Li metal at a current rate of 250 mA g-1 between a potential window 
of 0.01-2 V. 
 
the electrode, which gradually leads to detachment of the electrode from the copper substrate. 
Even though the difference in the particle size between both Sb-C:9-1 and Sb-C:8-2 is 
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minimal, the stability of the Sb-C:8-2 electrode is much better than the Sb-C:9-1 electrode. 
This might be due to the increase in the carbon content, which provides better support to the 
Sb particles in the composite that enable the electrode to remain intact for a considerable 
number of cycles. 
 The Sb-C:7-3 electrode (Figure 4.6c) displays better cyclic stability and shows better 
capacity retention among all electrodes. The corresponding electrode displays the highest 
discharge capacity of 585.9 mAh g-1 in the third cycle. The composite retains 91% of the  
highest discharge capacity at the end of 250 cycles. This electrode loses approximately 7% of 
the theoretical capacity of Sb-C:7-3 over 250 cycles. The Sb-C:6-4  electrode exhibits the 
highest discharge capacity of 507.2 mAh g-1 in the first cycle (Figure 4.6d). The composite 
retains 73% of the highest discharge capacity (loses 32% of the theoretical capacity) at the 
end of 250 cycles. The Sb-C:5-5 electrode (Figure 4.6e) shows a highest discharge capacity 
of  811 mAh g-1 in the first cycle. The electrode loses 51% of the highest discharge capacity 
(retains 77% of the theoretical capacity) at the end of 250th cycle. The amorphous carbon 
coupled with small particles of Sb (<1 nm) in the composite might decompose the electrolyte 
which results in a large SEI layer formation. This attributes to the high initial discharge 
capacity in the electrode. The Sb-C:7-3 electrode shows more stable cycling behaviour, 
whereas for the Sb-C:6-4 and 5-5 electrodes capacity starts to decline around the 230th cycle. 
Further, the Sb-C:5-5 electrode loses 31% of its second charge capacity (574.2 mAh g-1), 
whereas Sb-C:6-4 loses only 23% during the same period. The reason for the low capacity in 
Figure 4 (a, c and d) is the shorter soaking time of the electrode in the electrolyte. 
Furthermore, the electrodes might have been pressed using a different load pressure. Hence, 
there are subtle variations in the capacity of the electrodes during the initial cycling. The 
decrease of Sb content in the composite reduces the overall capacity of the electrode. Sb-C:7-
3 composite, containing 7-15 nm, shows higher capacity, close to its theoretical capacity, 
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than Sb-C:6-4 and 5-5 composite and provide excellent cyclic stability. Furthermore, the 
electrochemical performance of  Sb-C composite electrodes with different weight ratios are 
compared and the data are presented in Table 4.1.  
Table 4.1 Weight of Sb-C composite electrodes and their electrochemical performances 
against Li metal 
Sample Id Active 
material 
weight 
 
 
 
 
 
(mg) 
Highest 
discharge 
capacity 
 
 
 
 
 
(mAh g-1) 
Theoretical 
capacity 
 
 
 
 
 
 
(mAh g-1) 
Capacity 
retention  
based on 
highest 
discharge 
capacity 
after 250 
cycles 
(%) 
Capacity 
retention  
based on 
theoretical 
capacity 
after 250 
cycles 
 
(%) 
Sb-C 9:1 1.45 709.9 631.2 4 4.5 
Sb-C 8:2 1.38 639.9 602.4 28.2 30 
Sb-C 7:3 1.44 585.9 573.6 91 93 
Sb-C 6:4 1.41 507.2 544.8 73 68 
Sb-C 5:5 1.35 811 516 49 77 
 
 4.3.3 Electrochemical performance of Sb-C composite in Na-ion battery 
 The electrochemical performance of the ball milled graphite and the Sb-C composite 
with different component ratios are shown in Figure 4.7. The electrodes were cycled between 
the potential window of 0.01-2 V at the current rate of 100 mA g-1. The graphite materials 
were milled for 100 hours and the electrode prepared from the milled powders was used as a 
reference. In Figure 4.7a, the milled graphite electrode displayed a capacity of around 100 
mAh g-1 at the end of the 30th cycle. Hence, the capacity of carbon in the composite was 
considered as 100 mAh g-1. The theoretical capacity of the Sb-C composite for different 
components was calculated using formula 4.1. The theoretical capacity for different Sb-C 
composite ratios, such as Sb-C:9-1, Sb-C:8-2, Sb-C:7-3, Sb-C:6-4 and Sb-C:5-5, were 604, 
548, 492, 436 and 380 mAh g-1, respectively. Table 4.2 shows the weight of the active 
materials in the electrode were not uniform. The weight of the active materials in different 
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Sb-C composite electrodes such as 9-1, 8-2, 7-3, 6-4 and 5-5 were 1.29, 1.28, 1.35, 1.48 and 
1.24 mg, respectively.  
 The large Sb particles in the composites (Figure 4.7b and c) show deteriorating cyclic 
performance. The Sb-C:9-1electrode (Figure 4.7b) exhibits a highest discharge capacity of 
561.8 mAh g-1 in the first cycle. The huge drop in the discharge capacity is due to the 
decomposition of the electrolyte on the surface of the electrode during sodiation, which leads 
to the formation of solid electrolyte inteface (SEI) layer on the surface of the electrode. The 
composite electrode retains 53.3% of the highest discharge capacity (loses 50.4% of the 
theoretical capacity) at the end of the 150 cycles. The electrode displays an initial steep 
decline in the capacity from 430 mAh g-1 to 365 mAh g-1 during the first 30 cycles and then 
began to decrease gradually over the subsequent 120 cycles. The Sb-C:8-2 electrode (Figure 
4.7c) shows the highest discharge capacity of  650 mAh g-1 during the first cycle. The 
electrode retains 60.7% of the highest discharge capacity at the end of 150 cycles. This 
represents an approximately 28.1% loss of the theoretical capacity of the Sb-C composite. 
The Sb-C:8-2 electrode displays better cyclic stability than the Sb-C:9-1 sample. The Sb-C:8-
2 electrode shows a gradual decrease in the capacity over 85 cycles. Upon further sodiation, 
the capacity of the electrode decreases drastically over the next 65 cycles and retains a 
capacity of 394.1mAh g-1 at the end of 150th cycle. The capacity retention of large sized 
antimony particles in Na-ion batteries is much better than its Li counterpart. A similar 
phenomenon was observed by Darwiche et al. [216] for the bulk antimony particles tested 
against the Na metal. 
 The Sb-C:7-3 electrode (Figure 4.7d) shows the highest discharge capacity of 544.8 
mAh g-1 in the first cycle. The composite electrode retains 66.4% of the highest discharge 
capacity (loses 26.5% of the theoretical capcacity) at the end of 148 cycles. The Sb-C:6-4 
electrode (Figure 4.8e) displays the highest discharge capacity of 549.3 mAh g-1 in the first 
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Figure 4.7 The plots of charge-discharge capacity of ball milled graphite (a) and Sb-C 
composite with different component ratios (b) Sb-C:9-1(c) Sb-C:8-2(d) Sb-C:7-3 (e) Sb-C :6-
4 and (f) Sb-C:5-5. The cycling was performed between a potential window of 0.01-2 Vat 
current rate of 100 mA g-1. 
 
cycle. The electrode retains 70.6% of the highest discharge capacity (loses 11.1% of the 
theoretical capacity) at the end of 150 cycles. The corresponding electrode dispalys excellent 
cyclic stability and over a period of 100 cycles. The electrode loses only 16.8 mAh g-1 of the 
second cycle capacity (433.3 mAh g-1) at the end of 100 cycles. The electrode, upon further 
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cycling, loses 28.6 mAh g-1 over the subsequent 50 cycles. The Sb-C:5-5 electrode displays 
better cycling stability than the rest of the other composite electrodes. The Sb-C:5-5 electrode 
(Figure 4.8f) exhibits the highest discharge capacity of 453.1 mAh g-1 in the first cycle. The 
electrode retains 70.7% of the highest discharge capacity (loses 15.6 mAh g-1 of the 
theoretical capacity) at the end of 150 cycles. The capacity of the electrode dropped from 347 
mAh g-1 (third cycle capacity) to 321.5 mAh g-1 during the first 20 cycles. The electrode, 
upon further cycling, maintains a stable capacity, without any capacity fade, over the 
subsequent 130 cycles. The Sb-C composite electrodes such as 7-3, 6-4 and 5-5 retain 
capacity between 87-92% of the third cycle capacity. This indicates that the smaller the 
particle size, the better the capacity retention. The small difference in the capacity retention 
might be due to the subtle difference in the weight of the electrodes, as shown in Table 4.2. 
The enhanced cycling stability is attributed to the small particles that are better equipped to 
accomodate the volume change and minimise the stress generated in the electrode. The 
electrochemical results of Sb in Na-ion half-cell is contrast to the results obtained in Li-ion 
half-cell. The Sb-C:7-3 electrodes showed better cyclic stability in Li-ion half-cell than in 
Na-ion half-cell. This might be due to the difference in the volume expansion of Sb, 200% 
(Li3Sb) and 390% (Na3Sb) in different metal-ion battery. Hence, smaller particles can 
withstand the huge volume change during alloying and de-alloying. Therefore, the Sb-C:6-4 
and Sb-C:5-5 samples with small particles exhibit better cyclic stability in an Na-ion 
compared to an Li-ion battery. The Sb-C:6-4 and Sb-C:5-5 samples have been selected for 
the multicurrent measurement, as these electrodes show better electrochemical performance 
than the Sb-C:7-3 electrode. In addition, the confined results on the electrochemical 
performance of Sb-C composite with different ratios are presented in Table 4.2. 
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Table 4.2 Weight of Sb-C composite electrodes and their electrochemical performances 
against Na metal 
Sample Id Active 
material 
weight 
 
 
 
 
 
(mg) 
Highest 
discharge 
capacity 
 
 
 
 
 
(mAh g-1) 
Theoretical 
capacity 
 
 
 
 
 
 
(mAh g-1) 
Capacity 
retention  
based on 
highest 
discharge 
capacity 
after 150 
cycles 
(%) 
Capacity 
retention  
based on 
theoretical 
capacity 
after 150 
cycles 
 
(%) 
Sb-C 9:1 1.29 561.8 604 53.3 49.6 
Sb-C 8:2 1.28 650 548 60.7 71.9 
Sb-C 7:3 1.35 544.8 492 66.4 73.5 
Sb-C 6:4 1.48 549.3 436 70.6 88.9 
Sb-C 5:5 1.24 453.1 380 70.7 84.4 
 
  
 The additional electrochemical performance of the Sb-C:6-4 and 5-5 samples are 
shown in Figure 4.8. The cyclic charge-discharge profile of the Sb-C 5:5 sample tested at 100 
mA g-1 is shown in Figure 4.8a. The first cycle charge-discharge profile was different from 
the other cycles. The discharge curve of the first cycle contains a small plateau around 0.8 V, 
which is absent in the subsequent cycles.This might be due to the SEI formation on the 
surface of the electrode. SEI layer is one of the primary reasons behind the first cycle 
irreversible capacity loss and the low Coulombic efficiency of the electrode. The second and 
the fifth cycle discharge curve shows two plateaus; (i) slanting slope between 0.9-0.23 V and 
(ii) second steep slope below 0.23 V. Two plateau cyclic behaviour was reported for Sb 
materials and they were attributed to formation of  NaSb and Na3Sb [217]. The slanty charge-
discharge profile resembles the characteristics of the nanoparticles and a similar curve was 
observed for the Sb nanoparticles ranging between 10-50 nm [127, 132]. The plateau below 
0.23V also corresponds to the electrochemical reaction of sodium with the disordered carbon. 
This illustrates that the Sb-C composite electrode shown in this chapter alloys with Na to 
form Na3Sb. The profile of the charge-discharge curve changes over the first few cycles. It 
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might be due to the local structural rearrangement of the particles in the electrode to 
accommodate the strain caused during alloying and de-alloying [132]. The charge-discharge 
curve retains the same shape from the 10th cycle until the end of the 150th cycle. This 
indicates the Sb-C:5-5 electrode is stable upon sodiation and de-sodiation. The small particle 
size (≤ 1 nm) along with high carbon content in the Sb-C:5-5 composite allows Na ions to 
alloy with Sb (high diffusivity) and easy flow of electrons (due to high electronic 
conductivity) that enables the electrode to achieve maximum capacity at a high current rate.  
 The cyclic stability of the Sb-C:5-5 electrode was tested at a current of 1 A g-1 for 200 
cycles. The Sb-C:5-5 electrodes (Figure 4.8c) were cycled initially at 0.1 A g-1 to ensure that 
most parts of the electrode underwent electrochemical activity with Na. If the electrode was 
tested at a high current rate without cycling at a lower current rate, some part of the electrode 
would not be involved in the electrochemical reactivity. The electrode shows an initial 
discharge capacity of 281.6 mAh g-1 at 1 A g-1, and retains 87.5% of the initial discharge 
capacity at the end of 200 cycles. The capacity of the electrode started to show a gradual 
decrease from the 190th cycle. The Coulombic efficiency of the electrode dropped from 98 to 
89% (during 6th cycle) when the current rate was increased from 0.1 to 1 A g-1 but the 
Coulombic efficicnecy rose to 99.3% during the seventh cycle. The coulombic efficiency 
fluctuated around 100% over the following 193 cycles. The fluctuation in the capacities was 
due to the temperature variations in the laboratory. The charge-discharge curves of the same 
electrodes were shown in Figure 4.8d. The polarisation voltage and the voltage offsetincrease 
with the increase in the current rate. This phenomenon occurs as Na-ions do not have 
sufficient time to alloy with Sb particles in the electrode and the electrons cannot reach all the 
parts of the electrode. The cyclic charge-discharge curve of the 200th cycle shows polarisation 
voltage increases compared with the 150th cycle curve. This illustrates that the electrode starts 
to slowly disintegrate from the 190th cycle. 
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Figure 4.8 Electrochemical characterisation of Sb-C:6-4 and 5-5 samples in sodium half-
cells. (a) charge-discharge profile of Sb-C:5-5 sample tested at 100 mA g-1 (b) charge-
discharge capacities of Sb-C:6-4 and 5-5 electrode at various current rates (c) discharge 
capacity and Coulombic efficiency of Sb-C:5-5 at 1 A g-1 current rate and (d) charge-
discharge profile curves of the electrode from the same test. 
 
4.3.4 Post cycling analysis of electrode 
 Figure 4.9 shows an ex-situ SEM image taken from the electrode at the end of thefirst 
charge in Na-ion half-cell. Three different types of electrodes, such as Sb-C:9-1, 7-3 and 5-5 
electrodes, were selected on the basis of their crystallinity. The Sb-C:9-1 electrode (Figure 
4.9a) shows the presence of large cracks and these cracks are distributed all over the surface 
of the electrode. The inset in Figure 4.9a shows the image of the same electrode taken at 
higher magnification. The width of the crack that developed on the surface of the electrode 
was around 500 nm. A small gel-like polymeric layer formed between the crack during 
cycling and this corresponds to the solid electrolyte interface layer formed by the dissolution  
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Figure 4.9 SEM images of different Sb-C composite electrode after1st cycle in sodium  half 
cell (a) Sb-C:9-1 (b) Sb-C:7-3 and (c) Sb-C:5-5. The inset in each figure were taken at higher 
magnification  
 
of the electrolyte. The similar gel-like phenomenon was observed in the Si/C and P/C 
electrodes [206, 218]. The Sb-C:7-3 electrode (Figure 4.14b) shows the decrease in the 
number of the cracks on the surface of the electrode. Further, the corresponding image in the 
inset shows the width of the crack are significantly reduced compared to Sb-C:9-1 electrode. 
This illustrates that large particles cannot withstand huge volume change during sodiation and 
de-sodiation. Meanwhile, Figure 4.9e shows the Sb-C:5-5 electrode has a rough surface. 
There are no obvious cracks visible on the surface of the electrode and this is clearly detected 
from the image of the same electrode taken at higher magnification. This states that small 
particle size can withstand the stress generated by the huge volume expansion and contraction 
of the alloying material in the electrode. This demonstrates small particles along with the 
increased carbon content are the major reasons behind the excellent cyclic stability of the Sb-
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C:5-5 electrode. In addition, the higher content of carbon in Sb-C:5-5 might provide an 
additional buffering effect to the Sb particles in the composite matrix when compared to the 
Sb-C:9-1 and 7-3 electrodes. It is  important to understand the alloying mechanism of Na 
with Sb of different crystalline nature to understand the differnece in the charge-discharge 
profile curve. The alloying mechanism of Na with Sb were studied by an in-situ synchrotron 
beam source 
4.3.5 Mechanism of the Sb-C composite in Na-ion battery 
 The Synchrotron XRD pattern of the Sb-C:7-3 electrode tested against Na metal is 
shown in Figure 4.10. The left hand side in Figure 4.10a shows the in-situ Synchrotron XRD 
pattern and the figure on the right hand side exhibits the corresponding charge-discharge 
profile. The magnified image (Figure 4.10a) of the in-situ Synchrotron XRD patterns is 
displayed in Figure 4.10b. The electrodes were cycled at 200 mA g-1 and the corresponding 
in-situ synchrotron XRD patterns were collected using a monochromatic wavelength of 
0.727Å.  The intensity of the Sb peak decreases gradually as it starts to alloy with sodium and 
form Na3Sb at the end of the first discharge via. two intermediate states that can be seen 
clearly in Figure 4.10b. The peak at 13.42˚ corresponds to Sb and the peak at 13.80˚ 
corresponds to the Na metal. During sodiation, Na starts to alloy with Sb, two new peaks start 
to appear at 11.79 and 11.92˚ (Figure 4.10b) between a potential window of 0.62 to 0.36 V. 
The intensity of the Sb peaks starts to decrease within the corresponding potential window. 
The peaks do not correlate with either NaSb or Na3Sb phase. This might be some 
intermediate phases of NaxSb (first intermediate phase). The first intermediate phase peaks 
gradually disappear and a new peak appears  at 10.55˚ around  0.32 V (Figure 4.10b) over the 
course of the first discharge process. This might be new phase Na3-xSb (i.e. second 
intermediate) existing between a potential window of 0.32-0.03 V. The maximum intensity of 
the peak at 10.55˚ is obtained around 0.03 V. Three new peaks start to appear at 10.05˚,  
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Figure 4.10 In-situ synchrotron XRD data of Sb-C:7-3 composite (a) and the enlarged  
pattern of the same composite (b) 
 
15.69˚ and 16.05˚ around 0.08 V, corresponds to Na3Sb phase, hexagonal structure, along 
alloying process. Na3Sb phase exists upon de-sodiation, until 0.82 V. This indicates an non-
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homogenous de-alloying process in the electrode, which means that a few sections of the 
active materials in the electrode did not de-sodiate during charging. The Na3Sb peaks 
disappear completely around 0.87 V and antimony peaks do not re-appear at the end of first 
cycle. The absence of antimony peak at the end of de-sodiation indicates the material loses its 
crystallinity, and exist in an amorphous state. This illustrates that the Sb in the composite 
alloys, de-alloys with Na reversibly. The similar charging phenomenon was observed by 
Darwiche et al. [216] for the micrometer size antimony particles. During de-sodiation, Na3Sb 
converts to an amorphous Sb state without going through any intermediate state [216]. 
 The in-situ Synchrotron XRD pattern collected on the Sb-C:8-2 composite is shown in 
Figure 4.11. The electrode was cycled at 100 mA g-1. The crystallite size for the Sb-C:8-2 
composite calculated from the lab XRD was around 33 nm. Synchrotron XRD patterns were 
collected using a beam of monochromatic wavelength of 0.692 Å (Figure 4.11). The peaks at 
12.78˚, 17.62˚ and 18.379˚ represent Sb, and these peaks exist at the end of first discharge 
0.09 V. As the electrode was discharged to 0.379 V, new peaks start to appear around 14.02˚, 
which does not match with either the NaSb or Na3Sb Phase. The appearance of the peak at 
14.02˚ indicates sodium is stored in the electrode in the intermediate phase. Due to the 
limited availability of diffraction patterns in the database, it is very difficult to predict the 
exact phase of the material. The capacity of the electrode at the end of discharge was around 
625 mAh g-1. This shows the electrode has reached the theoretical capacity upon sodiation, 
but the Sb peak still exists in the diffraction pattern with no dramatic change in the intensity. 
To explain the existence of Sb peaks at the end of sodaition, the electrode was discharged 
repeatedly to 0.01 V with a resting period of 5 mins between each discharge cycle and this 
process was repeated for 26 cycles. The Synchrotron XRD pattern collected at the end of 26 
cycles showed two new peaks at 6.90˚ and 9.48˚, respectively. The peak at 9.48˚ corresponds 
to Na3Sb, whereas the peak at 6.90˚ refers to an intermediate phase. Indeed, it does not match  
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Figure 4.11 In-situ synchrotron XRD data patterns collected on the Sb-C:8-2 composite 
electrode cycled at 100 mA g-1 
 
with the intermediate peaks obtained from the Sb-C:7-3 electrode during sodiation. The 
pattern obtained for the Sb-C:8-2 sample was different from the results published by 
Darwiche et al. [216], in which the micrometer size antimony particles go through NaxSb 
before forming Na3Sb at the end of the discharge state. Darwiche et al. [216] have cycled the 
electrodes at lower current rate of 27.5 mA g-1, whereas the composite electrodes in the 
present work were cycled at a higher current rate. The difference in the charge-discharge 
profile of Sb-C:7-3 and 8-2 sample was due to the difference in the alloying mechanism of 
Na with Sb. The Sb-C:7-3 electrode cycled at 200 mA g-1 shows Na alloys with Sb through a 
series of intermediate phases before forming Na3Sb with a hexagonal structure. Hence, the 
charge-discharge profile of Sb-C:7-3 sample was more slanty in nature. The Sb-C:8-2 
electrode cycled at 100 mA g-1 retains the initial pattern and does not show the formation of 
Na3Sb despite reaching the theoretical capacity of the electrode. Therefore, the Sb-C:8-2 
sample has less slanty charge-discharge profile curve. The presence of the strong Sb peak, 
along with some unknown peak, indicates some surface mediated reactions occurs in the 
electrode during sodiation. 
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 To understand the phase of the unknown peak in the Sb-C:8-2 sample, the electrodes 
were cycled until two different potentials 0.2 and 0.01 V. The materials were removed from 
the electrodes subsequently and filled inside the capillary tubes. The ex-situ synchrotron 
patterns were taken from the materials that are sodiated until two different potentials and are  
shown in Figure 4.12. The Sb-C:8-2 composite material discharged to 0.2 V reveals that 
sodium alloys with antimony to form Na3Sb. The visible diffraction peaks belong to the 
Na3Sb phase with the hexagonal symmetry (JCPDS no 04-003-0789). In addition, one of the 
Sb peak still exists at 0.2 V and is marked with the star symbol. The intensity of the Na3Sb 
peaks increases and the antimony peak diminishes at the end of the complete discharged state 
(0.01 V). The ex-situ results are contradictory to the results obtained in the in-situ 
experiment, which does not reveal any Na3Sb peak at the end of first discharge. For the ex-
situ experiment, the samples were loaded into the capillaries inside the argon filled glove box 
a day prior to the experiment. Hence, the intermediate phase formed during sodiation might 
be metastable and convert gradually to the highly stable Na3Sb phase, upon disassembly of 
the electrode from the coin cell. Another possible explanation is that Na might cover the 
surface of the Sb along with the formation of some intermediate phase. Na might be stable on 
 
Figure 4.12 Ex-situ synchrotron XRD data pattern collected from synchrotron on the Sb-C:8-
2 sample 
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the surface of electrode and upon removal of the electrode from the coin cell. Na might react 
with Sb to form Na3Sb inorder to minimise the energy. The same phenomenon might have 
happened by keeping the electrode in the discharge state for a long period of time during the 
in-situ experiment.  
4.4 Conclusion 
 The Sb-C composite with different Sb to C ratios was prepared using a magneto-ball 
mill. The XRD, SAED pattern and STEM reveals the size of the Sb particles decrease with 
the decrease in the content of Sb in the composite. The Sb particles have been reduced to 1 
nm for the Sb-C:5-5 sample. Meanwhile, the Raman spectroscopy discloses that short range 
graphitic order still exists in the Sb-C milled with a 1:1 ratio. 
 The Sb-C with different composite ratios has been electrochemically tested 
simultaneously in both Li and Na-ion half-cell. The Sb-C:7-3 displays much better cyclic 
stability than the rest of the other samples in lithium cell. The Sb-C:7-3 electrode showed a 
discharge capacity of 585.9 mAh g-1 in the third cycle and retains 91% of the highest capacity 
at the end of 250 cycles. In contrast, the Sb-C:6-4 and 5-5 electrodes with smaller particle 
sizes retained 73 and 77% of its theoretical capacity, respectively, during the same period of 
cycling. The increase in carbon content reduces the overall capacity of the battery and it is 
found that the Sb-C:7-3 composite ratio (7-15 nm) sized Sb particles are best suited for long 
term cycling.  
 The Sb-C:5-5 and Sb-C:6-4 electrodes show better electrochemical performance than 
other Sb-C electrodes in sodium cell at a current rate of 100 mA g-1. The Sb-C:6-4 and 5-5 
electrodes retained 89.6% and 92.3% of the corresponding capacity measured in the 3rd cycle. 
The Sb-C:5-5 electrode displayed a discharge capacity of 133.8 mAh g-1, two times higher 
than that of the Sb-C:6-4 electrode at a current rate of 4 A g-1. Further, the Sb-C:5-5 electrode 
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retained 87.5% at the end of 193 cycles at a current rate of 1 A g-1. Post cycling SEM reveals 
width and the number of cracks decreases with the decrease in the particle size of Sb along 
with the increase in the carbon content. The small particle size tends to withstand the huge 
stress generated in the electrode during the charge-discharge process, which in turn improves 
cyclic stability. 
 The in-situ Synchrotron XRD reveals that Sb with different particle sizes undergoes a 
different type of mechanism during cycling in an Na-ion half-cell. The Sb-C:7-3 electrode 
shows Na alloys with antimony through a series of intermediate phases and reaches Na3Sb 
with hexagonal phase at the end of the discharge. In contrast, the Sb-C:8-2 electrode, highly 
crystalline in nature, does not form Na3Sb during sodiation. The ex-situ Synchrotron XRD 
analysis shows the Sb-C:8-2 electrode forms Na3Sb at the end of discharge.  
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Chapter 5 Phosphorus-carbon composites as anode 
materials for Li and Na-ion batteries 
5.1 Introduction 
 As discussed in chapter 1, the gravimetric capacity of phosphorus  is the second 
highest (behind only Si) among anodes of  Li-ion batteries, whereas it possesses the highest 
gravimetric capacity in Na-ion batteries. There are several problems associated with the 
phosphorus such as its low electronic conductivity and  huge volume expansion during 
alloying. These problems are countered by mixing phosphorus with carbon to produce 
phosphorus-carbon composites. For example, Park et al. [139] have reported a black 
phosphorus-carbon composite synthesised using ball milling with a drastic capacity fade 
within the full potential window of 0.0-2.0 V and  an excellent cycling stability within a 
restricted potential window of 0.78-2.0 V in Li-ion half-cells. Meanwhile, Qian et al. [148] 
have stated that an amorphous phosphorus-carbon composite is capable of  stable cycle 
performance compared to that of the crystalline P/C composite in Li-ion batteries over a full 
potential window of  0.0-2.0 V. Further, Sun et al. [219] have reported 80% retention of 
capacity in the ball milled black phosphorus–graphite composite. A nanostructured 
phosphorus-porous carbon composite prepared by Wang et al. [147] has demonstrated 
capacity retention of 87% at the end of 55th cycle. However, the phosphorus content in the 
composite was around 32.6%, very low, which might be a reason behind the excellent cycling 
stability of the electrodes in this work [147]. Similar results were observed by the Marino et 
al. for redP/C; the composite with a lower phosphorus content in the composite has showed a 
better cycling stability than the composite with the larger phosphorus content in Li-ion 
batteries [145]. 
 In the case of  Na-ion batteries, Kim et al. were the first to show that an amorphous 
red phosphorus-carbon composite delivers a capacity of 1890 mAh g-1 at a current rate of 143 
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mA g-1 [144]. Qian et al. have reported that their amorphous phosphorus-carbon composite 
shows a capacity of 1750 mAh g-1 at current rate of 250 mA g-1 [151]. In both cases 
mentioned above the phosphorus-carbon composites were synthesised by ball milling. Li et 
al. have prepared a red phosphorus-carbon nanotube composite by hand grinding in an agate 
mortar; the composite shows an initial discharge capacity of 2210 mAh g-1 when tested at 
current density of 143 mA g-1 [153]. It is still not clear which type of phosphorus-carbon 
composite displays better electrochemical performance in Li-ion and Na-ion batteries. 
Moreover, there is currently no correlation between the electrode weight, binders, electrolytes 
and the electrochemical performance in the published reports on both Li and Na-ion batteries. 
 In this chapter, phosphorus-carbon nanocomposites and their systematic 
evaluation as lithium-ion and sodium-ion anode materials are presented. The structure 
of phosphorus-carbon composite is varied while other parameters such as electrode 
weight, electrolyte and binder are kept constant. The structural analysis are performed 
using XRD, Raman spectroscopy, NMR, and TEM indicates that the composites 
contain black (orthorhombic) phosphorus either in the form of crystalline 
nanoparticles or in significantly disordered state. Phase changes in the electrode upon 
discharge and charge of lithium and sodium half-cells are analysed, and the structural 
integrity of phosphorus-based electrodes cycled within full (2.0-0.01 V vs Li/Li+ or 
Na/Na+) or restricted potential windows is studied using SEM.  
5.2 Experimental  
 Red phosphorus powder (100 mesh, 98.9 % purity, Alfa Aesar) was used as a starting 
material. Black phosphorus was prepared by milling 6 g of red phosphorus in a stainless steel 
jar using Fritsch Pulverisette 5 planetary ball mill for 25 h under Ar atmosphere (200 kPa 
excess pressure above atmospheric). The ball to powder ratio was 110:1 (ten balls with a 
diameter of 25.4 mm were used). Rotation speed was 200 rpm. The obtained black 
Chapter 5 
123 
 
phosphorus was mixed with graphite (Sigma Aldrich, 282863, <20 μm) in a 7:3 weight ratio 
and the mixture was milled in two types of ball mills. Phosphorus–carbon composite C-1 was 
produced by milling 6 g of the mixture for 25 h in Fritsch Pulverisette 5 planetary ball mill 
under the conditions similar to those used for preparing black phosphorus. Phosphorus – 
carbon composite C-2 was produced by milling 5 g of the mixture in a magneto-ball mill 
[192]. Four stainless steel balls (25.4 mm in diameter) were loaded into the vial, and the 
milling was conducted for 100 h at 160 rpm. The milling was performed under Ar 
atmosphere at a pressure of 100 kPa above atmospheric in the presence of an external magnet 
at a 45˚ position and the ball to powder ratio in this experiment was 52.8:1. The milling mode 
is similar to the ball milling mode C described in chapter 3. 
The structure and the morphology of the as synthesised phosphorus carbon composite 
were characterised using XRD, TEM and EFTEM. In Raman spectroscopic characterisation, 
a laser with 514 nm wavelength was used during the experiment. The power of laser was 2.5 
mW (5% of max power) and the accumulation time was 60 s. 20X lens was used in the 
experiment. The final spectra were formed by accumulating two scans. Solid-state NMR 
spectra were acquired using Bruker Avance3 300 and 500 spectrometers, operating at 7.05 
and 11.4 T. All samples were handled and packed into standard zirconia magic angle 
spinning (MAS) rotors in a glove box with argon atmosphere. The samples of red and black P 
were packed into 2.5 mm MAS rotors, mounted into a triple resonance MAS probe and 
measured under magic-angle-spinning (MAS) at a speed of 32.5 kHz and a resonance 
frequency of 202.4 MHz. Due to problems with achieving comparable spinning speeds the 
nanocomposite samples were packed into 4 mm zirconia MAS rotors and measured at 6 kHz 
spinning speed at 121.5 MHz resonance frequency. Spectra were acquired using a Solid-Echo 
pulse sequence with excitation frequencies of 102-143 kHz. All 31P shifts are given relative to 
85% H3PO4 solution. The recycle delays were set to 4 * T1, long enough to guarantee a full 
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spin relaxation according to the T1 relaxation time constants, which were measured 
independently for each sample. The spectrum of red P was acquired by sampling 64 scans 
with a recycle delay of 360 s. The spectrum of black P was acquired by sampling 32 scans 
with a recycle delay of 40 s. The spectrum of composite C-1 was acquired by sampling 64 
scans with a delay of 3 s. The composite C-2 was acquired by sampling 320 scans with 180 s 
recycle delay. 
 The composite materials were mixed with Super P LiTM and sodium carboxymethyl 
cellulose (CMC) binder (in a weight ratio of 80:10:10) in de-ionised water to form a 
homogenous slurry. The slurry was then coated onto copper foil substrates and heated in 
vacuum overnight at 90˚C. The weight of active material (phosphorus–carbon composite) 
was controlled in the range between 0.92 and 1.05 mg. Li and Na metal pieces were used as a 
counter electrodes in Li-ion and Na-ion half-cell, respectively. The electrolyte for lithium 
half-cells was 1 M LiPF6 in a 1:1:1 (by volume) mixture of ethylene carbonate (EC), 
diethylene carbonate (DEC) and dimethyl carbonate (DMC). The electrolyte for sodium half-
cells was 1M NaClO4 in propylene carbonate (PC) with 2 vol.% fluroethylene carbonate 
(FEC) additive. Polyethene separators and Whatmann GF/F microfibre glass separators  were 
used for lithium and sodium cells, respectively. The lithium half-cells were galvanostatically 
charged-discharged between 2.0-0.01 or 2.0-0.67 V vs Li/Li+ at a current rate of 100 mA g-1 
using LAND battery testers (Wuhan LAND Corporation, China). The sodium half-cells were 
galvanostatically charged-discharged between 2.0-0.01 or 2.0-0.33 V vs Na/Na+ using the 
same instruments. All capacities were calculated per total weight of the composites 
(including both phosphorus and carbon components). 
 Ex-situ SEM images were collected on the electrodes from lithium and sodium half-
cells after cycling for a large number of cycles. The cycled cells were disassembled inside the 
Ar filled glove box. 
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5.3 Results and discussion 
5.3.1 Structural characterisation 
 The XRD patterns of red and black phosphorus and the phosphorus-carbon 
composites are shown in Figure 5.1. Red P is amorphous, as expected (Figure 5.1a). Its XRD 
pattern is dominated by two broad humps at 25-38 and 47-65 degrees. In contrast, the XRD 
pattern of black P (Figure 5.1b) displays a number of crystalline peaks, consistent with a 
standard powder diffraction file (JCPDS #00-009-0020). Similar diffraction patterns for black 
phosphorus obtained by ball milling were reported previously by Park and Sohn [139]. The 
composite C-1 (Figure 5.1c) retains the same crystalline nature of the phosphorus component 
that can be seen in Figure 5.1b for the pure black phase. The phosphorus in the composite C-
2 is clearly more disordered, displaying broad x-ray signals (Figure 5.1d). A very weak  
 
Figure 5.1 X-ray diffraction patterns: (a) red P, (b) black P, (c) phosphorus-carbon composite 
C-1 and (d) phosphorus-carbon composite C-2 (arrows indicate the positions of the strongest 
peaks of black phosphorus). 
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increase in intensities around the positions of the three strongest peaks of the black 
orthorhombic P (highlighted with arrows) can, however, still be noticed, indicating that some 
nanocrystalline black P may remain in the composite. The graphitic peaks are not visible in 
the XRD patterns of either composites C-1 or C-2. 
 Figure 5.2a shows the Raman spectra of the red phosphorus and mechanochemically 
obtained black phosphorus. The Raman signature of the red amorphous phosphorus is 
consistent with that in other reports [144, 147, 148]. After ball milling, three unambiguous 
Raman bands appear at about 363, 438 and 467 cm-1, which are the typical Raman 
fingerprints of black phosphorus [149, 220] corresponding to the A1g, B2g and A2g modes.  
 
Figure 5.2 Raman spectra of samples of red and black phosphorus (a) and phosphorus-carbon 
composites C-1 and C-2 (b). 
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These results are consistent with the XRD data and confirm that mechanochemical treatment 
of red amorphous phosphorus resulted in the formation of the black, orthorhombic phase of 
phosphorus. Figure 5.2b shows the Raman spectra of ball milled phosphorus-carbon 
composites C-1 and C-2. The phosphorus bands cannot be seen in either sample. The carbon 
component shows two strong bands at about 1350 and 1600 cm-1, typically referred to in the 
literature as D and G bands of graphite, [221] in both nanocomposites. The D and G bands in 
the composite C-2 have much larger FWHMs comparing with those in the composite C-1, 
which reveals a more disordered in-plane structure [202, 203]. For example, the FWHM of 
the D band is 120 cm-1 for the composite C-2, comparing with only 70 cm-1 in the composite 
C-1, indicating a much higher degree of in-plane distortion and disordering in the graphitic 
structure in the composite C-2. For example, the FWHM of the D band is 120 cm-1 for the 
composite C-2, comparing with only 70 cm-1 in the composite C-1, indicating a much higher 
degree of in-plane distortion and disordering in the graphitic structure in the composite C-2. 
 
Figure 5.3 31P solid-state NMR spectra of red amorphous phosphorus (a), mechanochemically 
produced black phosphorus (b), phosphorus-carbon composite C-1 (c) and phosphorus-
carbon composite C-2 (d). 
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 The 31P NMR spectra of red amorphous phosphorus, black phosphorus and 
phosphorus-carbon composites C-1 and C-2 are shown in Figure 5.3. The spectra of red 
phosphorus (Figure 5.3a) shows very broad signals around δ = -80, +60 and +150 ppm, 
indicating a highly inhomogeneous, amorphous environment for the 31P nuclei in this 
material. The measured chemical shifts match the shifts of red and violet phosphorus samples 
observed by Bytchkov et al. [222]. The black P (Figure 5.3b) spectrum shows a strong signal 
at δ = 22 ppm with a weaker, broad shoulder at about 10-0 ppm. The observed chemical shift 
is in agreement with a black phosphorus spectrum acquired by Lange et al. [223] whereas the 
smaller line width indicates a more homogeneous environment for the 31P nuclei in this 
material with a higher crystallinity when compared to the red phosphorus sample. A similar 
trend can be observed for the respective phosphorus–carbon nanocomposites, but with the 
main signal in the composite C-2 (Figure 5.3d) showing a very broad signal shifted to around 
δ = 10 ppm, very similar to the signal of composite C-1 (Figure 5.3c). The even broader line 
width of C-2 is also indicating a very inhomogeneous, amorphous environment, but with the 
chemical shift and thus an electronic environment and structure closer to black P. 
 The results of TEM analysis of phosphorus and composite samples are shown in 
Figure 5.4. The electron diffraction pattern of the commercial red phosphorus (Figure 5.4a; a 
bright-field image is also shown as an inset) displays only diffuse rings, consistent with the 
amorphous nature of this sample. In contrast, the diffraction pattern of black phosphorus 
(Figure 5.4b) displays a set of polycrystalline rings that can be indexed in accordance with 
the expected orthorhombic phase. In particular, rings corresponding to the (012), (004), (016) 
and (121) lattice planes can be distinguished. Energy-filtered TEM was employed to 
understand the differences in the structure of the composites C-1 and C-2. Figures 5.4c and 
5.4f show elastic images of the two composites, their carbon elemental maps are depicted in  
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Figure 5.4 TEM analysis of phosphorus and phosphorus-carbon samples. (a, b) Selected area 
electron diffraction patterns of the red and black phases of phosphorus (bright-field images 
are shown as insets); (c, d, e) an elastic image, carbon and phosphorus energy- filtered 
elemental maps of the composite C-1; (f, g, h) an elastic image, carbon and phosphorus 
energy-filtered elemental maps of the composite C-2 (colour scheme: green – carbon, red - 
phosphorus). 
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Figures 5.4d and 5.4g, and the phosphorus elemental maps are depicted in Figures 5.4e and 
5.4h. There is a clear difference between the carbon and phosphorus maps of the composite 
C-1.These maps are not identical, and, furthermore, nanoparticles can be observed in the 
phosphorus elemental map of C-1 (some of them highlighted with white arrows in Figure 
5.4e). After a careful inspection of the elastic image (Figure 5.4c), the same nanoparticles can 
be seen as the areas with darker contrast (highlighted with arrows). Taking into account the 
nanocrystalline peaks of orthorhombic phosphorus in the XRD pattern of C-1 (Figure 5.1c), 
the TEM data are consistent with the presence of crystalline phosphorus nanoparticles in the 
carbon host in the composite C-1. 
 In contrast, the elastic image, carbon and phosphorus maps of the composite C-2 
(Figures 5.4f, g and h) are essentially identical. No clear nanoparticles are visible in Figure 
5.4h, and the phosphorus and carbon maps repeat each other. It can be concluded that the 
phosphorus and carbon are distributed much more homogeneously in the composite C-2. As 
the spacial resolution of the EFTEM technique is 1-2 nm, interpretation of the acquired data 
suggests the presence of very small nanoparticles or nanoclusters of phosphorus with a 
typical size of 1 nm or less, homogeneously distributed within the carbon component of the 
composite C-2. In accordance with the XRD and NMR data, these nanoclusters are 
significantly disordered but may retain the local environment of the black orthorhombic 
phosphorus. 
 It is worthwhile to compare our characterisation results with those of other groups for 
phosphorus - carbon nanocomposites prepared by ball milling [139, 144, 151, 219, 224]. The 
differences and similarities in the composition and structure of the composites may shed light 
on the differences and similarities in their electrochemical performance. The phosphorus in 
the composites C-1 and C-2 described here is in the form of black, orthorhombic phase 
(either crystalline or somewhat disordered). This is likely to originate from the “history” of 
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preparation because the powder of black phosphorus was initially produced and subsequently 
used for preparing the composites. It is likely that the phosphorus component in the 
composites inherits at least the local environments of the black, orthorhombic parent phase. It 
is important to note that the composites prepared by Qian et al. [151, 224] for both lithium-
ion and sodium-ion anodes were also produced via the formation of an intermediate black 
phase of phosphorus in the composite (refer to the manuscripts and related Supporting 
Information). Although these authors have describe their composites as “amorphous 
phosphorus/carbon nanocomposites”, it seems that at least some of their material may be still 
in the form of black phosphorus (which is evident from the presence of crystalline spots in 
electron diffraction patterns (ref. [151], Figure 1b) and weak Raman bands at 466 and 437 
cm-1 (ref. [145], Figure 1b)). Due to the similarity of preparation method and the presence of 
the intermediate black phase, the structure of their material may be close to the structure of 
our composite C-2 although differences in Raman signatures exist. The composite C-1, is, on 
the other hand, structurally similar to that produced by Park and Sohn[139], who ball milled 
carbon black and black phosphorus directly to prepare a composite. 
As explained, the Raman spectra do not reveal the presence of the phosphorus bands 
for the composites C-1 and C-2. Similar lack of Raman signatures has been observed by Kim 
et al. [144]. Qian et al. [151, 224], in contrast, have observed week bands at 437 and 466 cm-
1, typical for black phosphorus in the Raman spectra of their composites. Sun et al. [219] 
have also detected the presence of Raman bands of black phosphorus in their composite. The 
presence or lack of phosphorus Raman signals may reflect some differences in the structure 
of these composites. A Raman feature at about 600-750 cm-1 was assigned to P-C bonds by 
Sun et al. [219]. This Raman signature as well as a high-resolution TEM image of a 
phosphorus–carbon boundary and some XPS data have been used by these researchers as 
evidence for the presence of phosphorus-carbon bonds, which, lead to an improved 
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performance of the material in the lithium-ion battery. Although the formation of 
phosphorus-carbon bonds or compounds is indeed possible in nanocomposites but these 
bonds were absent in the as prepared composites.  
Information on the distribution of phosphorus in the composites is currently limited. 
Efforts in systematic mapping of phases by transmission electron microscopy techniques are 
required to understand this further. Kim et al. [144] have presented energy-dispersive x-ray 
maps of phosphorus and carbon but the resolution of the scans was somewhat limited to 
pinpoint the differences in the distribution of elements. Another possible problem with the 
energy-dispersive x-rays maps is a low sensitivity of this method to light elements. Mapping 
methods based on the energy loss of electrons could be more suitable due to their higher 
sensitivity to C and P. In this chapter, energy-filtered elemental mapping were able to 
demonstrate that the distributions of the phosphorus component in the composite C-1 and C-2 
are quite different.  
5.3.2 Electrochemical characterisation 
 The electrochemical performance of the phosphorus-carbon nanocomposites in 
lithium half-cells is shown in Figure 5.5. The initial discharge capacity (1930 mAh g-1) and 
Coulombic efficiency (86.9%) of the composite C-1 are quite attractive, although the capacity 
declines monotonously in the following cycles (Figure 5.5a). The discharge capacities 
measured in the second, seventh and 50th cycles are 1654, 1446 and 349 mAh g-1, 
respectively. The electrochemical stability of the composite C-2 is inferior to that of the 
composite C-1 (Figure 5.5b). Specifically, the electrode of C-2 demonstrates a steep decline 
in capacity, with discharge capacities of 1995, 1642, 748 and 49 mAh g-1 measured in the 
first, second, seventh and 50th cycles, respectively. An interesting observation in the 
composite C-2 was a sudden drop of capacity in the tenth cycle, in which the charge capacity 
was dramatically lower than the discharge capacity. The initial Coulombic efficiency of the 
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composite C-2 in the first cycle was similar to that of C-1 (85.5%). Overall, both composites 
demonstrate declining capacities upon progressive cycling, while the decline appears to be 
gradual for the composite C-1 and quite abrupt for the composite C-2. The charge-discharge 
curves of the composites C-1 and C-2 are shown in Figure 5.5c, d. The first discharge curves 
of the composites are different from the subsequent ones and have an irreversible hump at 
about 1.3-0.95 and 1.2-0.85 V vs Li/Li+, for the composites C-1 and C-2, respectively. A 
similar irreversible hump at around the same potentials was observed for the phosphorus-
carbon composites by Park and Sohn [139] and Qian et al. [224]. Similarly to the previous 
reports, composites C-1 and C-2 uptake most of lithium within potential windows 0.95-0.45 
V and 0.85-0.4 V vs Li/Li+, respectively. In the course of the charge of the half-cells the 
composites C-1 and C-2 release most of lithium with the potential windows of 0.9-1.25 V and 
 
Figure 5.5 Electrochemical performance of the phosphorus-carbon composites in lithium 
half-cells within the potential window of 2.0–0.01 V vs Li/Li+ at a current rate of 100 mA g-1: 
(a, b) cyclic performance of the composites C-1 and C-2, respectively; (c, d) galvanostatic 
charge-discharge profiles of the composites C-1 and C-2. 
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 0.8-1.2 V vs Li/Li+. Polarisation of the charge-discharge curves increases rapidly upon 
cycling for both composites, and this phenomenon is more pronounced for the composite C-
2. Similar electrochemical results were obtained by Park et al. for black phosphorus-carbon  
composite [139]. Meanwhile, Qian et al. [224] have indicated that the milling time was an 
important parameter for the performance of their composites. The composites milled for 
either 6 and 12 h have shown deteriorating cyclic performance with increasing polarisation in 
the charge-discharge curves while the composite milled for 24 h has demonstrated 
dramatically improved cyclic performance [224]. It is important to mention that different 
authors calculate the reported capacity differently, and this complicates the process of 
comparing data. In particular, some authors neglect the capacity of the carbon component 
completely (all measured capacity was attributed to the phosphorus component) [107, 108, 
224], some estimated the capacity of the phosphorus component [147] and some measured 
the capacity per total mass of the composite. Another important consideration is the use of 
different active material loadings in the electrodes by different authors, and the electrodes 
with thinner coating of active materials might be, in general, showing better electrochemical 
performances. In some case, the active material loadings have not been reported. Inorder to 
understand the origin of significant differences observed in the electrochemical performances 
further research is warranted in this area. 
  The electrochemical performance of the phosphorus-carbon nanocomposites C-1 and 
C-2 in sodium half-cells is shown in Figure 5.6. The initial discharge capacity of the 
composite C-1 was 1530 mAh g-1 and its measured Coulombic efficiency was 86.4%. After a 
minor decline in capacity in the first 15 cycles to 1193.9 mAh g-1, the capacity drop 
accelerates afterwards and a capacity of 187 mAh g-1 can be measured in the 50th cycle 
(Figure 5.6a). The cyclic performance of the composite C-2 is again inferior to that of C-1. 
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Figure 5.6 Electrochemical performance of the phosphorus-carbon composites in sodium 
half-cells within the potential window of 2.0–0.01 V vs Na/Na+ at a current rate of             
100 mA g-1: (a, b) cyclic performance of the composites C-1 and C-2, respectively; (c, d) 
galvanostatic charge-discharge profiles of the composites C-1 and C-2. 
 
The electrode demonstrates a steeper decline in capacity (Figure 5.6b), and the discharge 
capacities measured in the first, second, tenth and 50th cycles are 1427, 1321, 991 and 119 
mAh g-1. The initial Coulombic efficiency was 89.9%. The high Coulombic efficiency 
emphasises that, in principle, the studied phosphorus-carbon composites may be highly 
reversible sodium anodes if the deficiencies in their cyclic performance are addressed. 
 The charge-discharge curves of the composites C-1 and C-2 are shown in Figure 5.6c, 
d. The first discharge curves of the composites are different from the subsequent ones and 
have an irreversible hump at about 1.1-0.65 and 0.95- 0.65 V vs Na/Na+, for the composites 
C-1 and C-2, respectively. The second and subsequent discharge curves of the composites 
were different to the first discharge. There are three voltage regions in the corresponding 
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discharge cycle i) a sharp slope down to 0.5 V vs Na/Na+, ii) a sloping  plateau (or, possibly, 
a series of plateaus) in the range of 0.5-0.15 V vs Na/Na+), and iii) a minor plateau at around 
0.07-0.11 V vs Na/Na+, which disappears after a few cycles. Most of sodium release takes 
place between 0.4V-0.8 V vs Na/Na+. The observed behaviour of the charge-discharge curves 
is similar to that observed elsewhere [144, 151]. After comparing the exact behaviour of the 
composites C-1 and C-2, a small plateau around 0.6 V, disappears after a few cycles, during 
de-sodiation in the composite C2. While discussing the performance of phosphorus–carbon 
composites in sodium half-cells, it is important to point out that various researchers use 
different type of electrolytes (salts and solvents), binders and the weight of the active 
materials in the electrodes are not uniform. Hence, it is difficult to compare the 
electrochemical results, especially cycling stability, for phosphorus-carbon composite in Na-
ion batteries. It is commonly accepted that the deteriorating cyclic performance observed 
within the potential window of 2.0-0.01 V vs Li/Li+ or Na/Na+ (Figures 5.5 and 5.6) is likely 
to originate from significant volume changes during the lithium and sodium alloying and de-
alloying processes in the phosphorus component [139, 151, 152, 224]. For example, volume 
change of almost 300% [152] is expected in phosphorus in the course of its reaction with 
sodium. The dramatic volume change may impact the integrity of the electrodes during the 
repetitive cycling. Park and Sohn [139] have previously pointed out that a stable cyclic 
behaviour in electrodes based on black phosphorus can be achieved in a lithium half-cell if 
the operating potential window is restricted (to 2.0-0.78 V vs Li/Li+ in their case). If the 
operating potential is restricted to 2.0-0.78 V vs Li/Li+, black phosphorus transforms 
reversibly into the LiP phase, and the associated volume change is significantly reduced, 
leading to a stable capacity of the electrode [139]. In this chapter, an attempt has been made 
to re-check these finding for the lithium cells and evaluate if similar stabilisation of capacity 
may happen in the case of sodium half-cells. 
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Figure 5.7 Electrochemical performance of the electrodes cycled within restricted potential 
windows at 100 mA/g; (a) cyclic performance of the composite C-1 between 2.0 and  0.67 V 
vs Li/Li+; (b,c) cyclic performance of the phosphorus-carbon composites C-1 and C-2 
between 2.0 and 0.33 V vs Na/Na+. 
 
 Figure 5.7a shows the cycling stability of the composite C-1 in the potential window 
of  2.0-0.67 V vs Li/Li+ in a lithium half-cell. Relatively stable capacity of slightly above 700 
mAh g-1 can be observed. Some variations in the capacity visible in the graphs in Figure 5.7 
are due to the temperature variations in our laboratory over the course of an Australian 
winter. It can be concluded from the measured data that, in line with earlier findings by Park 
and Sohn[139], stable capacity can be achieved in black phosphorus - carbon composites in a 
restricted potential window in lithium half-cells. The measured capacity in this study was 
somewhat higher than that in the previous work (~600 mAh g-1) [139] because of a lower cut-
off potential. 
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 The measurements indicate (Figure 5.7b, c), that similar stable cyclic behaviour can 
be achieved in sodium half-cells if the potential window is restricted to 2.0–0.33 V vs 
Na/Na+. Indeed, both composite C-1 (Figure 5.7b) and composite C-2 (Figure 5.7c) are able 
to demonstrate rather stable capacity of about 400 mAh g-1. The cut-off potential used for 
sodium cells is lower than that for lithium half-cells as the electrochemical reactivity of 
phosphorus-based electrodes with sodium happens at lower potentials. To sum up, 
phosphorus -carbon electrodes were able to deliver stable capacities (approximately 700 and 
400 mAh g-1) in lithium and sodium half-cells in restricted potential windows.  
5.3.3 Post cycling analysis on the electrode 
In order to investigate the charge storage mechanisms, ex-situ XRD measurements 
were conducted on the C-1 composite electrodes extracted from lithium or sodium half-cells 
after their first discharge to 0.01 V vs Li/Li+ or Na/Na+. Figure 5.8a shows that Li3P phase 
forms after the first discharge of the C-1 electrode in a lithium-cell. There are no peaks of 
black P observed in Figure 5.8a, suggesting that almost all the phosphorus in the electrode 
reacts with lithium to yield Li3P. Such an electrochemical reaction agrees well with previous 
reports [108, 139, 220] on the use of black phosphorus in Li-ion systems, and the charge is 
suggested to happen predominantly via a reversible phase change of P to Li3P and back. In 
contrast, the XRD pattern of the C-1 electrode after the discharge in a sodium half-cell 
indicates that two phases are present in the electrode (Figure 5.8b). One phase corresponds to 
Na3P and the second phase is unidentified. The unidentified peak does not match  any 
standard powder diffraction record, possibly due to the limited available diffraction data on 
sodium-phosphorus compounds. 
The presence of two phases in the XRD pattern is consistent with the fact that the 
initial capacity of the C-1 electrode in a sodium half-cell was well below the expected value 
for the electrode. Indeed, based on the assumption of the reversible transformation between P 
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and Na3P and the expectation of the capacity of carbon component of about 100 mAh g-1 
(measured independently), the expected capacity of the C-1 electrode in a sodium half-cell 
was 1847 mAh g-1. However, the first discharge capacity of the cell was only 1530 mAh g-1. 
This shows that not more than 2.4 sodium ions per one phosphorus atom (instead of 3 sodium 
ions) got incorporated into the electrode during the first discharge of the half-cell. 
Interestingly, the obtained results with electrodes incorporating black phosphorus are 
somewhat different from those by Yabuuchi et al. [152], who have observed a single Na3P 
phase forming in amorphous phosphorus-carbon electrodes by synchrotron XRD. Their 
experiment was, however, conducted with thinner electrodes.  Also, differences between the  
 
Figure 5.8 Ex-situ X-ray diffraction patterns of the electrodes discharged in lithium and 
sodium half-cells to 0.01 V vs Li/Li+ and Na/Na+, respectively: (a) composite C-1 from a 
lithium cell (b) composite C-1 from a sodium cell. The background at 20–30˚ is due to the 
Kapton tape used to protect the sample. 
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reaction mechanisms of amorphous phosphorus and black orthorhombic phosphorus are 
possible. Kim et al. have also presented an ex-situ XRD pattern of a discharged electrode 
[144]. Two features were resolved in the range of 35-38 degrees in the pattern (Figure 3b in 
ref. [144]) and were assigned to be peaks of Na3P. However, that the right-hand side peak is 
noticeably shifted from the expected position of Na3P while the left-hand side feature is 
unusually broad. It is possible that the two peaks of Na3P were not resolved in their 
experiment and were recorded as one broader feature. Consequently, the right-hand side peak 
may belong to the same unexpected phase as observed at about 38˚ (Figure 5.8b, this 
chapter). 
 Figure 5.9 depicts SEM images of the as-prepared C-1 and C-2 electrodes as well as 
SEM images of the electrodes cycled in lithium and sodium half-cells. As-prepared 
electrodes C-1 and C-2 are shown in Figure 5.9a and 5.9b. There are no visible cracks on the 
surface of both electrodes. The electrodes cycled within the potential window of 2.0-0.01 V 
vs Li/Li+ for a large number of cycles (Figure 5.9c and 5.9d) are obviously damaged, 
displaying signs of deformation and disintegration, accompanied by delamination from the 
current collector. The cycled electrodes are also covered by a kind of film (this is particularly 
obvious in Figure 5.9c), which were assigned to the solid electrolyte interface or polymeric 
layers formed through the polymerisation of the electrolyte solvents. Figure 5.9d also directly 
shows areas with the exposed copper current collector (marked by placing white elliptical 
markers on the corresponding areas) due to the delamination of the electrode’s active layer. 
Similar electrode evolution after significant cycling in the broad potential window (2.0-0.01 
V vs Na/Na+) was detected for the electrodes extracted from sodium half-cells. The 
performance of the electrodes degrades gradually due to their mechanical disintegration and, 
possibly, the insulating nature of the organic layers that build up on the electrode.  
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Figure 5.9 SEM images of the C-1 and C-2 composite electrodes before and after cycling in 
lithium and sodium half-cells: (a, b) as-prepared electrodes for the composites C-1 and C-2, 
(c, d) C-1 and C-2 electrodes cycled in lithium half-cells within the potential window of 2.0-
0.01 V vs Li/Li+  for 150 cycles, (e, f) C-1 and C-2 electrodes cycled in lithium half-cells 
within a restricted potential window of 2.0–0.67 V vs Li/Li+) for 70 and 62 cycles, 
respectively, (g, h) C-1 and C-2 black electrode cycled in sodium half-cells within a restricted 
potential window of 2.0-0.33 V vs Na/Na+ for 100 cycles. An inset in each case shows a 
higher magnification image of the corresponding electrode. 
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Figure 5.9(e and f) shows the SEM images of the C-1 and C-2 electrodes cycled 
within a restricted potential window of 2.0–0.67 V vs Li/Li+. The surfaces of the electrodes 
retain their shapes and look similar to the surfaces of the as-prepared electrode with the 
exception of the some minor cracks and an increased roughness of the surfaces. The C-1 and 
C-2 electrodes cycled in sodium half-cell within a potential window of 2.0-0.33 V vs Na/Na+ 
display similar appearance (Figure 5.9(g and h)). The major difference with the lithium cells 
is more pronounced cracking in the electrode, possibly due to a larger expansion of the film 
upon sodium insertion. Another interesting observation is a reduced formation of gel-like 
polymeric layers on the electrodes in sodium cells, which can be correlated with a different 
solvent (PC) and the presence of FEC as a stabilizing additive. Despite some cracking, the 
electrode films retain good overall stability. 
This suggest that, similarly to the reactivity with lithium, the volume change in the 
electrode is reduced when the bottom cut-off potential is restricted to 0.33 vs Na/Na+ in 
sodium cells, leading to an improved stability of the electrode and attractive cyclic stability 
demonstrated in figure 5.7. 
5.4 Conclusion 
The nanocomposites of black (orthorhombic) phosphorus with carbon have been 
evaluated in this chapter. It is found that, based on the use of a particular ball milling unit, 
composites with either nanoparticles of black phosphorus or well-dispersed phosphorus in a 
significantly disordered state can be manufactured. The composites have been subsequently 
assessed in both lithium and sodium electrochemical half-cells. It is found that the composites 
can display impressive initial capacities at the level of approximately 1,700 and 1,300 mAh g-
1 (per total weights of the composites) for lithium and sodium cells, respectively, and the 
capacity gradually deteriorates when the cycling is performed within potential windows of 
2.0-0.01 V vs Li/Li+ or Na/Na+. The composite with crystalline nanoparticles of black P 
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displays a better cyclic stability. Attractive stable cyclic performances at the level of 700 
(lithium cells) and 350-400 mAh g-1 (sodium cells) can be observed if the potential windows 
are restricted to 2.0-0.67 V vs Li/Li+ and 2.0-0.33 V vs Na/Na+. Ex-situ XRD and SEM 
analyses have been performed to provide insights into the charge storage and failure 
mechanisms of electrodes. The XRD studies demonstrate that the redox chemistry of 
phosphorus in lithium half-cells is based on the reversible transformation to the Li3P phase 
while the transformation to Na3P phase in sodium half-cells is incomplete, leading to a 
smaller than expected practical capacity observed in the experimental tests. The post-cycling 
SEM studies reveal that electrodes gradually disintegrate and delaminate from current 
collectors when the electrochemical testing is done within larger potential windows of       
2.0-0.01 V vs Li/Li+ or Na/Na+. Such an effect is absent for the restricted potential windows 
of 2.0-0.67 V vs Li/Li+ and 2.0-0.33 V vs Na/Na+, leading to stable cyclic performances for 
all tested electrodes in these restricted potential windows. 
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Chapter 6 Synthesis and electrochemical 
performance of Na7Fe7(PO4)6F3 and its composite as 
a cathode for Na-ion batteries 
6.1 Introduction 
Due to their high thermal stability polyanion based materials are considered as 
alternative to layered oxide materials [163]. The combination of polyanions such as (PO4)3-
and F- in the anion sub-lattice is expected to enhance the operating voltage due to the higher 
ionicity of the M-F bond [225, 226]. Their robust and stable frameworks often display better 
capacity retention than the oxide-based cathodes at the expense of slower kinetics. Hence, 
various sodium transition metalflurophosphate based materials such as Na2FePO4F [172], 
NaVPO4F [227], Na3V2(PO4)2F3 [228], Na3V2O2(PO4)2F [229], Na3V2O2x(PO4)2F3-2x (x = 
0.8) [230] and Na1.5VOPO4F0.5 [44], have shown reasonable electrochemical  performance in 
Na-ion batteries. The carbon-coated Na2FePO4F and carbon-coated hollow Na2FePO4F/C 
displayed reasonable reversible capacity at a very low current rate (0.1 C) [172]. The 
structure of the material undergoes 3.7% strain when transformed from Na2FePO4F to 
NaFePO4F [173, 231]. The sodium deintercalation occurs through an intermediate phase 
Na1.5FePO4F with a slight change in the original monoclinic structure [44, 170, 173]. The 
structural degradation of materials occurs when sodium is completely removed from the 
initial structure. Therefore, it is prevented by restricting the potential window (2.0-3.8 V), 
where only one mole of Na is removed from the Na2FePO4F. 
In this chapter, Na7Fe7(PO4)6F3, a novel material, and its composites with carbon are 
prepared by combining hydrothermal and solid state reactions. The crystallinity of the 
synthesised materials and the uniformity of amorphous carbon coating around the materials 
are evaluated using XRD and TEM. It is demonstrated that Na7Fe7(PO4)6F3/C has better 
electrochemical performance than that of  pristine material at high current rate. Additionally, 
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the percentage of volume change in the structure of Na7Fe7(PO4)6F3 during sodium 
intercalation/de-intercalation is estimated. 
6.2 Experimental 
 The Na7Fe7(PO4)6F3 powder was synthesised by mixing FePO4·H2O and NaF (≥ 99 % 
purity, Sigma Aldrich) with a molar ratio of 1:1.1 in acetone via ball milling for 24 h. 
FePO4·H2O was synthesised by annealing FePO4·4H2O (Sigma Aldrich) in a tube furnace 
under the flow of 5% H2/Ar gas mixture at 100˚C for 3 hrs. The solid mixture was dispersed 
homogeneously in 30 ml tetraethylene glycol (TEG) with continuous stirring for 30 min. This 
homogeneous mixture was transferred into an autoclave and heated at 215 oC and kept for 48 
h. After cooling naturally, the precipitated solid was separated from the mixture by washing 
with acetone and centrifugation, followed by drying at 80oC overnight under vacuum. The 
dried powders were again calcined at 600 oC for 10 h under argon flow. 
To prepare the composite, suitable amount of Na7Fe7(PO4)6F3(3 g) was dispersed in 
distilled water and ethanol (1:3 v/v; 20 mL), and sucrose solution (0.5 g sucrose/10 mL 
distilled water) was added. This solution was dispersed by ultra-sonication for 10 min and 
then concentrated to a dry state. Finally, the dried powder was calcined at 600oC for 10 h 
under argon flow. Solid powder was washed with deionised water and dried in a vacuum 
oven at 80oC overnight.  
The pristine and the carbon coated Na7Fe7(PO4)6F3 powders were characterised using 
XRD, Synchrotron XRD and TEM. Rietveld refinements were carried out using the GSAS 
[232] software suite with the EXPGUI [233] software interface.To test the electrochemical 
performance, powder samples were mixed with acetylene carbon black (AB) and a binder, 
carboxymethyl cellulose (CMC), in a weight ratio of 80:15:5 in a solvent (distilled water). 
The slurry was spread onto Al foil substrates and these coated electrodes were dried in a 
vacuum oven at 90oC for 24 h. The electrochemical properties of the electrode were tested in 
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Na-ion half-cell with Na metal as counter electrode. The electrolyte used for Na-ion half-cell 
was 1M NaClO4 dissolved in propylene carbonate (PC) with 2 vol.% FEC (fluoroethylene 
carbonate) as additive. Electrochemical performance of the electrodes was evaluated using 
galvanostatic charge/discharge and cyclic voltammetry. 
The ex-situ XRD measurements were performed on the cycled electrodes. The 
electrodes were disassembled from the coin cells in an Ar-filled glove box.  
6.3 Results and discussion 
6.3.1 Structural characterisation 
XRD data were collected to study the crystal structure and phase purity of pristine 
Na7Fe7(PO4)6F3 and Na7Fe7(PO4)6F3/C composite (Figure 6.1a). The profiles of the 
diffraction peaks could be indexed to the hexagonal phase of Na7Fe7(PO4)6F3 [JCPDS no. 01-
071-5045, space group P63(no. 173)]. In the pattern of the Na7Fe7(PO4)6F3/C composite, only 
peaks of hexagonal Na7Fe7(PO4)6F3 can be observed, providing the first evidence that the 
carbon in the composite is amorphous. Figure 6.1b shows a Rietveld refined fit of the 
Na7+xFe7-x(PO4)6F3 model to the synchrotron XRD data with the inset showing an enlarged15 
 2 19.5 ⁰ region. The refined crystallographic parameters for Na7+xFe7-x(PO4)6F3 were a = 
13.46780(20) Å and c = 6.67472(11) Å with x = 0.25(6) or Na7.26(6)Fe6.75(6)(PO4)6F3, andRp = 
5.26%, wRp = 8.56%, and 2 = 4.34. Refined structural parametersare summarised in Table 
6.1. Figure 6.1c shows an illustration of the crystal structure of Na7+xFe7-x(PO4)6F3. It should 
be noted that impurities are present in the Na7Fe7(PO4)6F3 sample that are clear in the 
synchrotron XRD data but difficult to distinguish in the laboratory XRD data. In any case, 
these impurities decrease in the carbon coated sample and have not been conclusively 
identified. There are approximated to be on the order of 5-10 %. 
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Figure 6.1(a) XRD patterns of Na7Fe7(PO4)6F3 and Na7Fe7(PO4)6F3/C composite; (b) Rietveld 
refined fit of the Na7.26(6)Fe6.75(6)(PO4)6F3 model to the synchrotron XRD data with the inset 
showing an enlarged 15  2 19.5 ⁰ region. Data are shown as crosses, the calculated 
Rietveld model as a line through the data, and the difference between the data and the model 
as the line below the data. The vertical reflection markers are for Na7.26(6)Fe6.75(6)(PO4)6F3; and 
(c) the crystal structure of Na7.26(6)Fe6.75(6)(PO4)6F3 with PO4 shown in purple and Fe-
containing octahedral units in light brown. Oxygen is red, fluorine is light blue and sodium is 
yellow with the shading indicating occupancy. The central ions in the polyhedra are shown to 
indicate the orientation, displacements and occupancy. 
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In terms of the structural model, atomic positions were freely refined leading to 
chemically reasonable bonding arrangements which are evidenced in the bond valence sums 
(BVS), shown for the cations in Table 6.1 [234]. It is interesting to note that there are four 
possible sites for Na, Fe or mixed Na/Fe occupancy. The Fe (3) and Fe (4) sites were 
modelled with mixed occupancy due to the smaller observed BVS values ~1, the expected 
oxidation state of Na, relative to 2 which is the expected oxidation state of Fe. The Na (3) site 
shows a BVS of ~ 2 which indicates over-bonding or the presence of Fe on this site. A small  
Table 6.1 Summary of the structural parameters of Na7.26(6)Fe6.75(6)(PO4)6F3 and selected bond 
valence sums. 
Atom x y z Site 
Occupancy 
Factor 
Isotropic 
Atomic 
Displacement 
Parameter 
( 100)/Å2 
Bond 
Valence 
Sum 
 
Fe(1) 0.2960(10) 0.4282(8) 0.02883 1 1.23(27) 1.76 
Fe(2) 0.2930(9) 0.4169(7) 0.5453(19) 1 0.40(22) 2.48 
Fe(3) 0 0 0.056(4) 0.47(4)# 1.27* 1.12 
Na(1) 0 0 0.056(4) 0.53(4)# 1.27* 1.48 
Fe(4) 0.6667 0.3333 -0.043(7) 0.27(5)# 9.50* 0.99 
Na(2) 0.6667 0.3333 -0.043(7) 0.73(5)# 9.50* 1.36 
Na(3) 0.2392(19) 0.1855(16) 0.263(4) 1 0.05* 2.18 
Na(4) 0.1080(17) 0.4956(16) 0.282(5) 1 0.05* 1.48 
P(1) 0.0670(12) 0.2557(13) 0.305(4) 1 1.07(31) 5.07 
P(2) 0.6198(13) 0.1124(13) 0.294(4) 1 0.53(26) 4.62 
O(1) 0.1374(31) 0.3070(29) 0.433(5) 1 1.72(25)^  
O(2) 0.0053(26) 0.1230(27) 0.305(7) 1 1.72(25)^  
O(3) 0.1250(32) 0.5681(32) 0.585(7) 1 1.72(25)^  
O(4) 0.1472(25) 0.2822(27) -0.033(5) 1 1.72(25)^  
O(5) 0.3832(28) 0.3726(26) 0.289(8) 1 1.72(25)^  
O(6) 0.5698(34) 0.1366(32) 0.475(7) 1 1.72(25)^  
O(7) 0.4613(26) 0.2446(21) 0.220(5) 1 1.72(25)^  
O(8) 0.3352(21) 0.0216(24) 0.266(7) 1 1.72(25)^  
F(1) 0.2896(23) 0.5379(20) 0.251(4) 1 1.72(25)^  
# Site occupancies constrained to equal to 1, * Refined and subsequently fixed, 
^ Constrained to be equal.    
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amount of Fe on this site would bring the ratio of Na:Fe closer to 1:1, expected from the 
formula. Unfortunately significant correlation with occupancies and atomic displacement 
parameters were present for this site which could not be de-convoluted sufficiently to warrant 
a reasonable understanding of the composition of the site. A similar correlation was observed 
for the mixed Fe(4)/Na(2) site where a model was generated with freely refining the atomic 
displacement parameters followed by fixing these and refining occupancies and repeating this 
procedure until convergence. The result was a significantly larger atomic displacement 
parameter on the mixed Fe(4)/Na(2) site leading to a higher Fe concentration and a value ofx 
 
 
Figure 6.2 Rietveld refined fit of the Na7Fe7(PO4)6F3 models to the synchrotron XRD data for 
the (a) pristine and (b) carbon coated samples in the 15  219.5 ⁰ region. Data are shown 
as crosses, the calculated Rietveld model as a line through the data, and the model as the line 
below the data. The vertical reflection markers are for Na7Fe7(PO4)6F3. Arrows indicate 
changes in the impurities present in the sample. 
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of 0.25(6) in the formula. In order to avoid over-parameterising the model, the atomic 
displacement parameters were fixed to values found in Table 6.1. In any case, the structural 
model presents a good indication of the major phase present in the sample and its lattice and 
atomic parameters. However, there are four possible crystallographic sites from which Na can 
be extracted during the charge process. A capacity of approximately 160 mAh g-1 can be 
obtained if all the sodium is removed during de-sodiation.  
Comparing the structural models of the carbon coated and pristine Na7Fe7(PO4)6F3 the 
refined sodium contents (and Na:Fe ratio) are within error of each other suggesting a similar 
composition in both cases. The major difference appears to be the slight changes in the small 
impurities present in the samples. Figure 6.2a and b compare a selected region and illustrate 
that certain reflections from the impurities increase with others completely disappear, 
indicated by arrows. Therefore, it appears that the carbon coating significantly influences the 
impurity distribution or phase composition. Thus the resulting electrochemical performance 
of the electrode have been interpreted with sufficient consideration of the impurity 
distribution, as these can act, for example to enhance conduction between particles [235]. 
Particle size broadening from the Rietveld analysis of the synchrotron XRD data (Figures 
6.1-2) with the Scherrer equation indicates the pristine Na7Fe7(PO4)6F3 is ~175 nm while the 
Na7Fe7(PO4)6F3/C composite is ~100 nm.  
The results of SEM and TEM characterisation of pristine Na7Fe7(PO4)6F3 and 
Na7Fe7(PO4)6F3/C composite are shown in Figure 6.3. A typical low magnification SEM 
images of pristine Na7Fe7(PO4)6F3 (Figure 6.3a) and Na7Fe7(PO4)6F3/C composite (Figure 
6.3b) show that both samples consist of numerous clusters. However, carbon coated sample 
reveals smaller clusters than that of the pristine sample. The carbon coating process used 
sucrose solution as the carbon source, which has the positive effect in preventing the  
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Figure 6.3 SEM images (a, b) of (a)Na7Fe7(PO4)6F3 and (b) Na7Fe7(PO4)6F3/C samples. TEM 
images (c-e) of (c) a bright-field image; (d) the HRTEM image of a Na7Fe7(PO4)6F3crystal 
and (e) HRTEM image of a Na7Fe7(PO4)6F3coated with thin layer of amorphous carbon 
 
excessive growth of particles to be relatively smaller. TEM bright-field imaging of the 
pristine Na7Fe7(PO4)6F3 sample exhibits a dense agglomerate cluster (Figure 6.3c). The high 
resolution TEM (HRTEM) image (Figure 6.3d) shows lattice plane contrast consistent with 
(120) Na7Fe7(PO4)6F3(d120 = 0.44nm). The particle(s) of Na7Fe7(PO4)6F3/C sample is located 
over a hole in the holey carbon support film and is surrounded by a thin layer (~1.5-2 nm) of 
amorphous carbon, marked in figure 6.3e. The lattice plane is consistent with a single 
Na7Fe7(PO4)6F3 crystal with orientation close to (120). 
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6.3.2 Electrochemical characterisation 
The electrochemical behaviour of pristine Na7Fe7(PO4)6F3 and Na7Fe7(PO4)6F3/C 
composite electrodes were examined noting that the differences in performance are likely to 
arise from the subtle differences in the impurities observed in the Na7Fe7(PO4)6F3  and the 
carbon coating on the particles in the composite. Cycling performance of both electrodes at 
current densities of 15 mA g-1 and 100 mA g-1 are shown in Figure 6.4a and Figure 6.4b, 
respectively. Na7Fe7(PO4)6F3 and Na7Fe7(PO4)6F3/C electrodes cycled at a low current 
density of 15 mA g-1 retained a reversible capacities of 64 and 71 mAh g-1, respectively at the 
end of the 50th cycle. In the case of 100 mA g-1 current density, the reversible capacity was 
only 32 mAh g-1 for the pristine Na7Fe7(PO4)6F3 electrode after 60 cycles whereas it was as 
high as 65 mAh g-1 for the Na7Fe7(PO4)6F3/C electrode for the same number of cycles. 
Therefore, the obtained reversible capacity behaviour was almost the same for the two 
electrodes at a low current density of 15 mA g-1, while the reversible capacity of the 
Na7Fe7(PO4)6F3/C electrode has been significantly improved compared to pristine 
Na7Fe7(PO4)6F3, when the cell was cycled at a higher current rate. 
At the low current density of 15 mA g-1, the differences between the reversible 
capacities of both electrodes are actually quite small ~7 mAh g-1 or about 10%. This is 
reasonable because the insertion/extraction of Na+ ions is sufficiently slow at this relatively 
low current rate. Thus this work confirms that carbon coated particles (and possibly the 
change in the impurity distribution) can affect the rate-capability of the Na7Fe7(PO4)6F3/C 
electrode. The sample prepared without the carbon source (sucrose) is almost 
electrochemically inactive under the high-rate experimental condition, presumably because of 
poor electrical conduction [172]. Amorphous carbon in the Na7Fe7(PO4)6F3/C composite is 
able to keep the Na7Fe7(PO4)6F3 network electrically connected and thus facilitates the charge 
transport [172, 173]. Additionally, amorphous carbon provides a good conductive matrix, 
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which not only maintains the integrity of the electrodes, but also decreases the polarisation, 
thus enhancing the rate capability of the composite electrode. 
The corresponding typical charge/discharge potential profiles for different cycles of 
Na7Fe7(PO4)6F3 (Figure6.4c) and Na7Fe7(PO4)6F3/C (Figure6.4 d) electrodes at 15 mA g-1 in 
the potential range of 4.5-2V (vs. Na+/Na). On charging the Na7Fe7(PO4)6F3 electrode, the 
potential exhibits a rapid increase from OCP (2.6V) to 2.9 V, followed by a gradual increase 
to 4.0 V and then a steep increase to 4.5 V, as a plateau-like feature is observed in the first 
charge curve between 2.9 and 4.0 V. Interestingly, the profiles are somewhat different 
between the first and subsequent charge curves. This may be due to subtle structural re-
arrangement during the first charge/discharge or from the impurity phases in the sample. In 
 
 
Figure 6.4 Electrochemical behaviour ofpristine Na7Fe7(PO4)6F3 and Na7Fe7(PO4)6F3/C 
composite in sodium half-cells: (a, b) cycling stability at a low and high current density of 15 
mA g-1 and 100 mA g-1; and (c, d) corresponding charge-discharge voltage profiles a current 
density of 15 mA g-1. 
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the subsequent charge cycles, the cell potentialdrops to 2.1 V (compared with an OCP 2.6 V), 
followed by a gradual increase to 3.5 V and then a steep increase to 4.5 V. During the first 
and subsequent discharge cycles, the cell potential drops quickly to 3.25 V, followed by a 
slow decrease to the cut-off potential of 1.5 V, with a plateau-like feature in the 2.5-2.9 V 
region. Significant differences are observed in the first charge curves between 
Na7Fe7(PO4)6F3 and Na7Fe7(PO4)6F3/C electrodes. On charging the cell with the 
Na7Fe7(PO4)6F3/C electrode, the cell potential in the first charge gradually increases from 
OCP (2.3 V) to 3.5 V, followed by a steep increase to 4.5 V. In the subsequent charge cycles, 
no obvious drop in potential (compared to OCP) is observed and each charge cycle follows 
essentially the same trend. This may be due to the carbon coating of Na7Fe7(PO4)6F3 
electrode, where amorphous carbon helps to maintain constant potential in the system during 
repeated cycling. In the first and subsequent discharge cycles, the cell potential drops quickly 
to 3.25 V, followed by a slow decrease to the cut-off potential of 2.0 V.  
 To further assess the electrochemical reactivity of pristine Na7Fe7(PO4)6F3 and 
Na7Fe7(PO4)6F3/C composite with Na, cyclic voltammetry studies were performed at a scan 
rate of 0.05 mV s-1 in the potential range of 4.5-2 V (Figure 6.5). The potential plateaus 
observed in the charge-discharge curves are consistent with the CV results. Anodic peaks for 
both electrodes are located at around 3.0 V corresponding to the potential plateau-like feature 
of the charge process, in which Na+ ions are de-intercalated from Na7Fe7(PO4)6F3 to form 
Na7-xFe7(PO4)6F3. On the other hand, cathodic peaks are located at around 2.74 V 
corresponding to the potential plateau-like feature of the discharge process, in which Na+ ions 
are intercalated into the Na7-xFe7(PO4)6F3 to form Na7Fe7(PO4)6F3. 
In order to initially understand the Na-storage mechanism in Na7Fe7(PO4)6F3, ex-situ 
XRD measurements were performed on electrodes before and after cycling (Figure 6.6). 
Figure 6.6a shows an ex-situ XRD pattern of the fresh electrode. On first charge to 4.5 V and 
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Figure 6.5 Cyclic voltammogram of (a) pristine and (b) carbon coated Na7Fe7(PO4)6F3 
recorded at a scan rate of  0.05 mV s-1 in the potential range of 4.5-2V. 
 
subsequent discharge to 2.0 V, the XRD patterns still index to the hexagonal phase of 
Na7Fe7(PO4)6F3 (Figure 6.6b and 6.6c, respectively). However, peak shifts to higher 2-
values (smaller unit cell volumes) are observed when electrode is charged to 4.5V due to the 
release of Na+ ions from Na7Fe7(PO4)6F3. On discharging, the original 2 values are 
effectively retrieved. In terms of unit cell volume, based on highly constrained Rietveld 
analysis, the original electrode is 1089.1(9), at the charged state 1061.0(6), and at the 
discharged state 1094.8(5) Å. This converts to only a 2.6 (2)% decrease in volume during 
charge. Notably, no peaks of other phases of sufficient intensity were detected in these ex-situ 
experiments suggesting an insertion/de-insertion type mechanism during charge/discharge. 
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Figure 6.6 Ex-situ XRD patterns of Na7Fe7(PO4)6F3electrodes: (a) fresh electrode (without 
cycling); (b) first charged state at 4.5 V; and (c) first discharged state at 2.0 V 
 
6.4 Conclusion 
Sodium fluorinated iron phosphate, an novel cathode, and its composite with carbon 
were synthesised and were extensively characterised using XRD, synchrotron XRD, SEM 
and TEM. The XRD pattern obtained from the synthesised powders matches with 
Na7Fe7(PO4)6F3 compound with the hexagonal phase. High resolution synchrotron XRD 
discloses that the presence of impurity in the pristine material is much higher than in the 
carbon-coated Na7Fe7(PO4)6F3. SEM reveals that the carbon coating minimises the growth of 
the particle size during annealing.  
The electrochemical de-sodiation/sodiation of Na7Fe7(PO4)6F3 was found to be 
reversible over an extended potential range of 4.5-2.0 V vs Na+/Na. Upon cycling in the 
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potential window of 4.5-2.0 V, Na7Fe7(PO4)6F3 undergoes de-intercalation/intercalation 
reaction. However, pristine Na7Fe7(PO4)6F3 exhibits unsatisfactory electrochemical 
performance under the high-rate experimental condition, presumably because of poor 
electrical conduction. Therefore, Na7Fe7(PO4)6F3 particles were carbon coated to form 
Na7Fe7(PO4)6F3/C composite. The electrochemical performance of the Na7Fe7(PO4)6F3/C 
composite was superior to that of the pristine Na7Fe7(PO4)6F3 especially at a high current 
rate. The superior electrochemical performance of the Na7Fe7(PO4)6F3/C composite was due 
to the combination of small particle size and the thin carbon layer. These factors are expected 
to increase the diffusivity of Na-ions, keep the Na7Fe7(PO4)6F3 network electrically 
connected to facilitate the charge transport, maintain the integrity of the electrodes, and 
decrease the polarisation, thus enhancing the rate capability of the composite electrode. 
Furthermore, impurities are found to differ between the pristine and carbon coated 
Na7Fe7(PO4)6F3 electrodes which may also contribute to the noted differences in performance 
at higher current rates. 
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Chapter 7 Summary and future work 
Alloying materials were investigated in this thesis as alternative anode materials to 
replace graphite in Li-ion batteries. Further, their electrochemical properties were also 
studied for a possible application in Na-ion batteries. The composites of antimony and 
phosphorus with carbon were evaluated. Apart from the alloying materials,intercalation 
material of  Na7Fe7(PO4)6F3 was also studied as a possible cathode for Na-ion batteries (with 
a future aim to pair it with the newly developed high capacity anodes in full cell sodium 
batteries). 
A unique, easily reconfigurable magneto-ball mill that is capable of providing 
different milling modes was used to produce composites for anodes of Li-ion and Na-ion 
batteries. Depending on the rotation speed, the presence or absence of an external magnet and 
its position on the outside of the milling container, milling modes with predominant shear 
action (e.g., modes A and B in this thesis) or strong ball impact (modes C and D) can be 
realised. It has been discovered that the Sb-C composites milled in the absence of an external 
magnet (milling modes A and B) retains a large particle size of Sb and the graphitic structure 
may remain in the carbon component. In contrast, the composites milled in the presence of a 
magnet under conditions involving strong impacts by balls containing Sb nanoparticles 
dispersed uniformly in the carbon matrix with no long-range crystalline order. The Sb 
containing electrodes with large particles show poor electrochemical performance, and the 
capacity observed at the end of 100 cycles was limited. In contrast, the electrode with Sb 
nanoparticles in carbon matrix (ball milling mode D) retained 94% of its theoretical capacity 
at the end of 100 cycles. It is important to highlight that the electrochemical performance of 
the Sb-C composite depends on the weight of the electrode. A thicker electrode, 2.5 mg cm-2, 
of the same type had retained 77.5% of its highest discharge capacity after 200 cycles, 
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whereas the thinner electrode, 1.1 mg cm-2, loses only 11% of its highest discharge capacity 
at the end of 250 cycles. 
Since ball milling mode D was promising with a number of advantages, and hence it 
was chosen for subsequent composite preparation. The influence of the composition of the 
composites (weight ratio of Sb to carbon) on the electrochemical performance in both Li-ion 
and Na-ion batteries was evaluated to select an optimal composition. In this series of 
experiments the same ball milling mode D is used to prepare all composites. It appears that 
the particle size of Sb decreases with the decrease in the Sb content in the composite. It can 
be speculated that the increase in the volume of powder loaded into the ball milling container 
(when the content of carbon is higher) enhanced the probability of the powder being trapped 
between the colliding balls. The size of Sb nanoparticles in the composite was reduced to ~1 
nm for the Sb-C composite with 1:1 ratio of components. The dependence of the cycling 
stability of the Sb-C composites in Li-ion batteries on the particle size of the alloying 
material was not monotonous. The Sb-C composite with a component ratio of 7:3 (5-15 nm 
particles) displayed the best capacity retention and cyclic stability. In particular, at a current 
rate of 250 mA g-1 the electrode retained 91% of its highest discharge capacity at the end of 
250 cycles. The Sb-C composites with component ratios of 3:2 and 1:1 (that contain smaller 
particles) lost around 27% of their capacities during the same period. This suggests that the 
identification of the precise optimal particle size plays a key role in the electrochemical 
performance of the electrodes.  
In the case of Na-ion batteries, the mechanism of the electrochemical alloying process 
of Na with Sb was dependent on the composition of the composite sample and Sb particle 
size. The composite with the smallest particles, with the weight ratio of components of 1:1, 
have demonstrated the best cyclic stability. Na+ ions are much bigger than Li+ ions and hence 
the volume expansion of alloying materials is greater in Na-ion batteries compared to Li-ion 
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batteries. The smaller the particle size is the lower the volume expansion is; that is why the 
Sb-C electrode with the component ratio of 1:1 loses only 7% of its third cycle capacity at the 
end of 150 cycles at100 mA g-1. Furthermore, the composite retains a capacity of 134 mAh g-
1 at a current rate of 4 A g-1, demonstrating a better rate capability than other composites.  
The effect of ball milling type had a significant effect on the structure of 
nanocomposites. For example, phosphorus-carbon composites synthesised using two different 
ball mills (i.e. planetary and a magneto ball mill) contained nanoparticles of black 
phosphorus with different size and dispersion. Irrespective of the structure of phosphorus 
present in the composite, the electrodes showed a deteriorating cyclic stability, over a period 
of 50 cycles, within a potential window of 0.01–2 V vs Li/Li+ or Na/Na+ in both Li and Na-
ion batteries. In contrast, a stable cyclic performance (although with decreased capacities of 
around 700 mAh g-1 and 400 mAh g-1) was achieved if the potential window was restricted to 
2.0-0.67 V vs Li/Li+ and 2.0-0.33 V vs Na/Na+, respectively. Ex-situ SEM characterisation 
has revealed that the electrodes were disintegrated after their cycling in a full potential 
window (2-0.01 V vs Li/Li+ or Na/Na+), whereas their initial structure was preserved after 
cycling within the restricted potential windows.  
 Na7Fe7(PO4)6F3, a novel cathode material, was synthesised through a combination of 
three procedures: ball milling, hydrothermal process and subsequent annealing. These 
procedures are well established processes and are used in a variety of industrial applications. 
A comparitive study on the pristine and carbon coated Na7Fe7(PO4)6F3 material was 
investigated. The pristine Na7Fe7(PO4)6F3 material contained impurities, whereas the 
formation of impurities in the carbon-coated Na7Fe7(PO4)6F3 (composite) was successfully 
suppressed. The sucrose solution used as a carbon precursor prevented oxidation of the 
materia and agglomeration of the particles during annealing; furthermore, it reduced the 
particle size. The carbon-coated Na7Fe7(PO4)6F3 sample exhibited a better cyclic performance 
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than that of the pristine sample. The enhanced electronic conductivity of the carbon-coated 
Na7Fe7(PO4)6F3  along with its small particle size enabled the electrode to operate at a high 
current rate. It has been successfully demonstrated at a high current rate of 100 mA g-1, that 
the carbon-coated Na7Fe7(PO4)6F3 electrode shows a stable capacity of 65 mAh g-1, two times 
higher than that of the pristine material. Ex-situ characterisation have revealed that the charge 
storage process occurs in the electrode via de-intercalation and intercalation of sodium, 
resulting in a slight expansion and contraction of the material. 
 The results shown in this thesis open a number of promising new directions for future 
work. Ball milling has emerged as an established technique to prepare nanocomposite 
powders containing materials that can alloy with lithium and sodium electrochemically. Since 
Sb-carbon and phosphorus-carbon composites for anodes of Li and Na-ion batteries can by 
prepared in this way, these can be extended to synthesise other composites with materials that 
alloy with lithium and sodium; for example, Sn and Ge. Si is not feasible, as we know, as 
carbides form. As shown in this thesis, the charge storage mechanism of Sb/C carbon 
composite in Na-ion batteries may change depending on the particle size of Sb and the 
parameters of the composites. Further research is warranted to study this in more detail. It 
would be interesting to evaluate the changes in the electrodes using a series of in-situ 
measurements, e.g. Raman spectroscopy, TEM and neutron diffraction. In contrast to Sb-C 
composites, phosphorus-carbon composites show deteriorating performance in both types of 
battery. Inorder to achieve stable capacities, the influence of a number of parameters needs to 
be evaluated, such as different types of carbon precursors (carbon black, graphene and carbon 
nanotubes), the weight ratio of phosphorus to carbon, and the types of milling modes used. In 
the case of the application in Na-ion batteries, further investigation should be done on using 
various binders (CMC, PVDF, PAA) in phosphorus-carbon electrodes and the influence of 
various electrolytes and electrolyte additives on the electrochemical performance of 
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electrodes. It is demonstrated in this thesis that Na7Fe7(PO4)6F3 is a possible cathode material 
with intercalation/de-intercalation behaviour for Na-ion batteries with a theoretical capacity 
of 160 mAh g-1. The same synthesis procedure can be possibly applicable to produce other 
sodium fluorinated transition metal phosphates involving Co, Ni, Mn, V and other transition 
metals. Interestingly, the potential at which the cathode operates may be altered by 
incorporating various transition metals. This is of prime importance for the development of 
Na-ion batteries. It may be anticipated the polyanion cathodes can be paired with anodes 
operating via an alloying-de-alloying mechanism in the future full-cell Na-ion batteries.
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